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ri. LIX.

Last larval stage (3Ii/sis stage) of Limnocarid maparvula Clm.

Fig. 1. Dorsal view of the larva.

2. Same larva, viewed from left side.

3. Antennula.
4. Antenna.
5. Anterior lip.

6. Right mandible and masticator^' part of left.

7. Anterior maxilla.

8. Posterior maxilla.

9. Maxilliped of 1st pair.

10. Maxilliped of 2nd pair.

11. Maxilliped of 3rd pair.

12. Cheliped (exopodite not fully drawn).

13. Pereiopod of 1st pair (exopodite not fully drawn).

14. Pereiopod of last pair.

15. Pleopod of 1st pair.

16. Pleopod of 2nd pair.

17. Extremity of last caudal segment, with telson and left uropod ; dorsal view.

Pi. LX.

First post-larval stage of Limnooaridina parvula Clm.

Fig. 1. Dorsal view of the specimen.

2. Same specimen, viewed from left side.

3. Antennula.
4. Antenna.
5. Mandible.
6. Anterior maxilla.

7. Posterior maxilla.

8. Maxilliped of 1st pair,

9. Maxilliped of 2nd pair.

10. Maxilliped of 3rd pair.

11. Cheliped.

12. Pereiopod of 1st pair.

13. Pereiopod of last pair.

14. Pleopod.

15. Outer part of telson,
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I. Introduction.

"Within the limits of a single class, it would be difficult to find

greater contrasts than those which distinguish the various orders

* Communicated by Dr. Henex Woodwaed, F.R.S., V.P.Z.S.
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of tlie Ecliiiioidea. To a casual observer, unacquainted with the
anatomy and embryology of the forms, such genera as Cldarifi -dwd

Edunocardimn would seem to represent two absolutely difierent
' kinds " of animals. Moreover, search as he might among the
Echinoids of the present dny, he could find no types that would
ettectively l)ridge the gulf that separates the Regular from the
Irregular Sea- Urchins. All the Regularia have thick tests, built

on a radially symmetrical plan
; possess a strong jaw-apparatus

;

and are armed with stout, often very long, radioles. On the ether
han<l, most of the Irregularia have thin tests, bilateially sym-
metrical

; have no jaws ; and are covered with small, almost
hair-like radioles. Even those forms, the " Cake-Urchins," which
show a radial symmetry and possess jaws, have other characters
Avhich render them very difiei-ent in appearance from the
Regular Echinoids.

And again, from an anatomical study of living forms alone,

although a similarity of structure suliicient to warrant their

inclusion in the same order of the Echinoderma might be found,
no certain clues as to the relation of the two types to one another
could be discovered. Even ontogenetic evidence is lacking to a
considerable degree, for the peculiar larval life led by Echinoids
has tended to neuti-alise the effect of recapitulation.

At this point, where Zoology in its narrower sense fails,

Paljeontology can supply the connecting links between such
different foi-ms as a Cidarid and a Spatangid ; and of these links,

the majority are to be found in the group which forms the
subject of this research. The order Holectypoida arose soon after

the commencement of the Jurassic period, and became entirely

extinct before the close of the Mesozoic era. During its existence
it gave rise to forms wdiich, by stages so gradual as to be hardly
distinguishable, laid the foundations of all the great groups of

Irregular Echinoids that are living to-day. It is the purpose of

this paper to indicate in outline the processes through which the
specialization of Clypeastroids, 8patangoids, and '' Cassidulids

"

was achieved.

When P. M. Duncan (44)* wrote his classic "Revision of

the Genera and great Groups of the Echinoidta,"' there existed
" much diversity of opinion regarding the nature of the peri-

gnathic girdles and jaws of some genera" {t.c, p. 135) of the
Holectypoida, the most primitive group of the Irregular
Echinoids, As Duncan's system of classification was based to a
very large extent on the varying characters of these structures, it

naturally resulted that in the case of the Holectypoida and their

allies the grouping of genera into families, or even into lai'ger

groups, was somewhat tentative. It is only necessary to remark
that jaws are now known to have existed in two {genera, in which
their presence was denied by Duncan, to show that a revision of

the classification of the gioup is required.

* VVlierea nuniber in brackrts follows the name of an author, the full title of the
paper refcneil to will he found under that number in the chronological list of

literature at the end of this paper.
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However, the difficvilties of a systematic grouping of tlie

primitive gnathostomatous Irregularia are not removed, or even
lessened, by the additions that have been made to our knowledge
of their comparative anatomy. Rather are they increased, for

the establishment of affinities between genera leads to greater

complexity of classification than that of differences. The
Holectypoida are an annectant group, the history of whose
evolution is so intimately interwoven with that of the early

stages of most of the Irregular orders and suborders, that to

frame a purely natural classification would need an impracticable

plasticity of diagnoses. This systematic trouble is, however, more
than compensated by the phylogenetic evidence that it indicates.

In the course of the following work I have endeavoured, while
recasting the artificial classification of the systematist, to lay

emphasis on relationships rather than on contrasts, and to show
the position occupied by the Holectypoida at the JFoundation of

the varied structures of the Irregular Echinoids.

The present essay is the outcome of several yeai-s of study of

the group, and contains a summary and amplification of a series

of papers (see list at end) that have been published in the
' Geological Magazine.' I have thought it unnecessary to repeat

here many of the details described in those papers, so that, except

where corrections or additions have been possible, the results

arrived at in them are taken for granted. There are, however,
descriptions of a number of features that find a place heie which
were not dealt with in the shorter papers given here.

After a brief sketch of the history of the classification of the

group, the revised scheme is put forward. This is followed by a
morphological comparison of the genera within, and of some
genera without, the boundaries of the order ; and lastly, the

directions of evolution thus indicated are discussed.

II. History of Past Classification.

This part of the paper does not pretend to be a complete
account of all the past work that has been done on the group,
but it is a summary of the chief systems of classification that have
been proposed up to the present time.

The history of the group may be said to date from 1734, when
Klein, in his ' Naturalis dispositio Echinodermatum,' distin-

guished " Sectio I, Fibida,^' from the rest of the " Echini caiocysti

circularesP The section was diagnosed as follows :
—" Echinos

fihulares dicimus Cutocystos circa Basis circularis peripheriam
Anum, Os in medio aperientes." He included two genera only
in the section, Conulus and JDiscoides, both of which are recog-
nized to-day, and have been associated with one another in most
of the systems of classification. Klein apparently did not
knowof any of the other genera included among the Holectypoida
in the present paper.
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The classification adopted in 1840 by L. Agassiz, in lii.s

' Catalogus systematicvis,' was in many ways of less value than
that of Klein ; for he grouped together, under the heading of
" Clypeastroidse," all the non-Spatangid Irregular Echinoids.

However, Desor, in the sequel to that Catalogue (11) showed that

a. more detailed system of subdivision was pi-acticable, and founded
the fii-st definite scheme of the classification of the group. The
" tribu " of the " Galerites " was regarded as a division of the
" Clypeastroides." It contained the following genera •.—Cara-
iomufi, JJIscoidea, Echinoneus, (hilerites, Glohator, Ilolectypus (as

a subgenus of Discoidea), Hi/hoch/jius, Nucleopygus, Pygaster^ and
Pyrina. This list of genera contains a very natural grouping of

all those Iiregular Echinoids which have simple, apetaloid

ambulacra. That, however, is almost the only trait that couki

associate them, and in Caratomus.j at least, the simplicity of the
ambulacra is not absolute.

In the ' Catalogue raisonnee ' (1847) Agassiz and Desor retained

this grouping of the genera in its entirety, b\it i-earranged

the position of the "tribu" as a whole. It appears as the
family Echinoneidje, a section of the Cassidulidse. This change
was at once an advance and a retrogression. It applied to the
family a name under which some of the genera have remained
since that time, but by associating the whole series with the
Cassidulids, it tended to obsciu-e the importance of the gnatho-
stomatous character of many of tlie genera.

In the Synopsis, Desor (21) retained the division under the
name of Galeiidees, and added lai'ge numbers of genera to the
list. He recognized, howevei-, the fundamental importance of

the presence of jaws in determining the systematic position of a
genus, and so separated the Galeridees into two groups. Of these,

the first, or " Galeridees proprement dits," contained fifteen

genera with jaws (or rather, supposed to possess them), while the
second, the " Echinonees," included Uchinoneus only. The first

groiip contained all the genera of the "Galei-ites " of 1842, excejit

Caratomv s and Echinoneus, and there were added the then newly
described geneia Anortliopygiis, Asierostoi)ia, Desorella, Galero-

pygus, Pachj/clypus, and Pileus. It is curious that Desor should
have taken it for granted that all these fossil genera were gnatho-
stomatous, for he cannot have had any positive evidence to work
upon in the majoiity of cases.

In 1857 Pictet, in the second edition of his ' Paleontologie '

(22),

reverted to the method of grouping originated by Desor in 1842,
changing the word " Galerites"' to the subordinal term " Galeri-

tiens," and adding the then recently described Desoria.

One year before the appeai-ance of Desor's Synopsis, Wright
(20) had grasped the essential differences which divided the
" Galerites " into two sections. He founded the family of the
Echinoconidpe, which contained Discoidea, Echiuocovus (the

Galerites of most previous authors), Jlolectypics, Hi/bodi/pus, and
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Pygaster. He contrasted this family with the Echinoneidse, in

which he placed Echinoneics, Pyrina, and several other genera.

This was the first time that the presence of jaws was treated as

an essential feature in the classification of the group.

Wright's system of classification wa,s adopted for many years

by almost all the Echinologists who dealt with the group, although

slight changes in the generic personnel of the Echinoconidse were

inti-oduced. Cotteau (28) removed Hyhoclypus, with good reason,

from the family, and added the genera (unknown to Wright in

1856) Ano7-thopygus and Pileus.

The compact group thus determined, bound together by the

characters of a short and accurate diagnosis, became generally

accepted. Loven (31) worked on this classification as a basis, and

Wright (32) agreed with Cotteau's modifications. Perhaps no

surer indication of the natural character of the grouping could

anywhere be found than in the fact that Pomel (37) was unable

to find any cause for more than intei-nal changes in the family.

With a subordinal rank within the group of Gnathostomes

Clipeiformes, Pomel placed the section Galerides. This section

he subdivided into two chief families, the Echinoconides and the

Pileides. The latter family was further separated into two sub-

families, the Discoidiens and the Pygasteriens. Although many
new " genei'ic " terms were introduced, no forms were included

among the Galerides that were not previously classed with the

Echinoconida3. The separation of the PJchinoconus-grouTp from

the other genera was natural. In the Pileides, the first group

was simply the original genus Discoidea of Agai>siz in a dis-

membered state, while the second group included the same author's

early conception of the genus Pygaster. The clfxssification of

Pomel was therefore, in this group, quite orthodox, a condition of

aifairs sufficiently surprising in view of the great changes he

proposed in the arrangement of many of the other groups.

In 1889, Duncan (44), who expressly dissociated himself from

Pomel's views of the relative importance in classification of

various structures, published the invaluable Revision of the

Genera, etc. of Echinoidea. In this work, he realised the great

importance of the Holectypoida as an annectant group. So

thoroughly intermediate in its characters was the group that he

definitely stated that his classification was artificial, and as such

tentative. The Holectypoida received the rank of an Order,

equivalent in importance to the Clypeastroida or the miich larger

groups of the Diademoida and Spatangoida.

It was chiefly on the peristomial and jaw-structures that

Duncan classified the group, and on that account it was particularly

unfortunate that he should have had such a fixed belief in the

absence of jaws in some genera in which they have since been

discovered. Curiously enough, although, in the same year as the

publication of the Revision, he definitely stated his disbelief in

the existence of jaws in Discoidea (45), he allowed that genus to
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find a place among the Holectypoida, while EchAnoconus was
banished to the Ecliinoneid^e among the Spatangoida. A similar

fate befell AnoriJwpijgus, while (Jonoclyjieus, a genus till then

iisually classed witli either Echinanthus or Clypeaster, wanhvought
into the Holectypoid group. (^C'oiiocl2/peus was regarded as a
'' Gcderites" by Grateloup, 5.)

Duncan divided the Holectypoida (whose brief diagnosis was
" Exocyclic, oligoporous Ectobranchiata ") into two unnamed
sections. The subdivision was made on the details of the

perignathic girdle, and Discoldea and Conocli/peus, on account of

the supposed rudimentary state of their processes, were thiis

separated from Holectypiis and Fygaster. Galeropygus and
Pacliyclypeas were regarded as being Holectypoids, but

as not sufficiently known to be definitely associated with, or

separated from, any of the other geneiu.

Duncan's classification was followed absolutely by Sladen in

the " Zittel-Eastman " Text Book of Palfeontology (53).

The only remaining classification of the group in which any
important changes are niade is that devised by (iregory in 1896

(50), and published in Lankester's ' Treatise on Zoology.' Here
the " Holectypina" (a group cori-esponding in part with the

Holectypoida) are regarded as a suborder of the Gnathostomata.
The chief contrast between Gregory's group and that of Duncan,
is that the former author so modifies the diagnosis of the

Holectypina as to admit Galerites {Echhioconus), althovigh it is

believed to be edentulous. The Holectypina are divided into

four families, the Pygasteridse, the Discoidiidje, the Galeritidfe, and
the Conoclypeidi^. Discounting the genera desci'ibed since 1889,

the Pygasteridpe correspond to section I. of the Holectypoida,

with the queried inclusion of Galeropygus and Pachyclypeus. The
Discoidiidje and Conoclypeidie together contain the members of

Duncan's second section, while the Galeritidse are the first sub-

family of the Echinoneidse of the Revision.

The classification proposed by Gregoiy seems to accord better

with our knowledge than any of those previously suggested. In
view of the com})lexity of the I'elations of the Holectypoida, owing
to its primitive and annectant character, I prefer to regard it as

a gi'oup so much apart from the other Irregularia as to merit

its retention as an Order, as Diincan originally considered it.

After a thorough study of the comparative morphology of most
of the genera included in the order, I have attempted to revise

its internal classification in such a manner as to indicate the

affinities, both internal and external, which the study has made
manifest.

III. The Revised* Classification.

The characters of an annectant group are inevitably plastic

and unstable. For this reason a natural classification of such a
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group becomes an almost impossible task. The features which
seem of essential importance in one genus may be quite absent or

profoundly modified in another. But in the case of the
Holectypoida, the length of time during which this plasticity of

structure was retained gives possibility for a classification that is

fairly in accord with the evolution of the group, and at the same
time is free from a confusing multiplicity of detail. However,
as will be seen on a comparison of the scheme submitted below
with the genealogical table given in a later part of the paper, the

two groupings do not agree in every particular, AH of th©

genera have a great phylogenetic significance, and would, if the

classification were to do justice to that importance, require each

a separate family. Probably, as our knowledge of the relations

of the group extends, the present genera will become the bases

of distinct families, and will be themselves divided into many
smaller sections. The great variety of species which are at

present groujied under the generic names Holectjipus and Discoidea

seems to lend support to this belief. For convenience of reference,

it has seemed preferable to retain, as far as possible, a more
generalized system of grouping than, by comparison with other

orders of Bchinoidea, the individual peculiarities of the genera

in reality demand.
The Holectypoida are an order intermediate in characters

between the Echinoidea Regularia and all the various orders of

the Irregularia. The features in their structure which are

naturally the most uniform in character are therefore those

relics of " Regularity " that they retain. They show a persistently

retarded progress in their evolution, and from them, at various

points, relatively accelerated oft'shoots break free. Throughout
the entire group two features remain constant in their presence,

although they undergo a gradual reduction in the perfection of

their development. These features are :—the existence of a

masticatory apparatus ; and the presence of external peristomial

branchiae. Both of these structures are of essential importance

physiologically, and both fortunately leave traces of their existence

on the skeletal structures. It is a postulate (which probably

expresses a fact) that, whenever the peristome is centrally situated,

and at the same time circular in outline, jaws are present.

Certainly the existence of a well -developed perignathic girdle

indicates their presence, so that, when either of these characters

can be observed, the existence of a masticatory apparatus can be

infeiTed, even if it has not been discovered. The branchial

incisions on the peristome margin are naturally easy to recognize

when that part of the test is preserved.

After the scheme of classification has been summarized, revised

diagnoses will be given for ^ the order, families, and genera.

SubseqiTently, the reasons for the exclusion of some genei'a which
have hitherto been classed with the Holectypoida will be

discussed, and their positions in the other orders indicated.



SEA-uncnixs. 447

Order HOLECTYPOIDA.

Fanuly I. PYGASTERID^.

Subfamily 1 . P y G A s t E R i N ^..

(Jenus Pyoaster Agassiz.

Subgenus 1. Pygaster sens. str.

,, 2. Ilegapj/gus, nom. nov,

„ 3. Alacropygns Cotteau,

Subfamily 2. P i L E i N ^.

Genus 1. PiLEUS Desor.

,, 2. Anorthopygus Cotteau,

Family II. DISCOIDIIDyE.

Subfamily 1. Holectypinj5.

Genus 1. Holectypus Desor.

Subgenus 1. Holectyjnis Desor.

,, 2. Caenholectypus Pomel.

„ 3. Lanieria Duncan.

Genus 2. Coptodiscus Cotteau &, Gautliier,

Subfamily 2. D i s c o I d 1 1 N .E.

Genus Discoidea Agassix.

Family III. CONULID^.

Genus Conulus Leske.

lucertje sedis :

—

Discholectypus Pomel.

Order HOLECTYPOIDADuncan (emend.).

Euecliinoidea Irregularia Avith external peristomial branchiae

(Ectobranchiata) and a central moutb armed with jaws and

surrounded by a perignathic girdle (Gnathostomata).

Ambitus circular, subpentagonal, posteriorly truncated, or

slightly elongated. Adapical surface acutely or bluntly conical,

apex practically central. Peristome central, usually circular, some-

times decagonal or even obliquely elliptical in outline. Perigna-

thic girdle discontinuous, composed of both processes and ridges.

Jaws more like those of the Regularia than of the Clypeastroida.

Periproct very variable in size and position, always posterior.
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Ambulacra straight, narrow, similar, and simple, with usually

lari^er poclial pores on the adapical than on the adoral surface.

Towards the peristome the pore-pairs may become grouped

into arcs of three. Ambulacra! plates small, simple or compound,

the latter always derived from three original priraary plates.

Interambulacra broad ; the plates usually concentric in arrange-

ment, rarely bent along their median line. Tubercles always in

recognizably vertical series. Apical system variable ;
madreporite

usually large. Radioles short, and longitudinally striated.

Liasslc to Uppermost Cretaceous.

Family I. PYGASTERID^.

Holectypoida with a circular or posteriorly truncated a.mbital

outline. Bluntly conical adapically, concave adorally. Peristome

laro-e, with strong pei-ignathic processes and feeble ridges.

Jaw-structure insuiScieutly known for diagnosis. Branchial

incisions deep. Periproct large, always on the adapical surface,

often oblique. Ambulacra slightly tumid, composed of primaries

to a point about midway between the ambitus and the peristome.

Outer members of pore-pairs often transversely elongated (to a

slio-ht degree only) on the adapical surface. Interambulacra broad,

paucituberculate (for an Irregular Echinoid), the admedian

tubercles being in concentric series, the adradial oblique.

Grranulation irregular, faintly scrobicular. Apical system with

four perforated genital plates ; the fifth being usually represented

by several smalt plates. Ocular plates small and similar. No
internal buttresses to the test. Radioles short, longitudinally

striated.

Liasslc to Lower Cretaceous.

Subfamily 1 . P y G A s T B R i N ^.

Pygasteridpe with the periproct in contact with the apical

system. Ambulacral pore-pairs uniserial except near the peri-

stome.
Genus 1. Pygaster Agassiz.

With the characters of the subfamily.

Genotype, P. semisulcatus Phillips.

Subgenus 1. Pygaster sens. str. [ = Plesiechiniis Pomel).

Piigaster with the peripi-oct inside, as well as outside, the

apical system, and with its greatest width in the adapical part.

No posterior genital plate, the remaining plates of the system

being arranged transversely. Tubercles witli shallow scrobicules,

regular in their introduction.

Subgenotype. P. semisulcatus Phillips.

Liasslc to Middle Oolitic.
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Hubgenus 2. Mkgapyous nov. {Pi/goster lesti', Poniel).

Pygaster with periproct pyriform, and coiistricterl towai'ds the

apex. Fifth genital phite present, ov replaced by several small

plates. Tubercles with shallow scrobicules and irregular in

their introduction.

Subgenotype. M. unihrella (a.uctt.).

Middle and Upper Oolitic.

Subgenus 3. Macropygus Cotteau.

Pi/gastcr with the periproct and apical system as in Megapygus.
Posterior mai'gin sti-ongly truncated. Tubercles with large, deep
scrobicules; regular in their inti'oduction.

Subgenotype. M. trnncatus Agassiz.

Loirer Oolitic to Loiver Cretaceous.

Subfamily 2. P i L E i N .v..

Pygasteridse with the periproct midway between the apex and
the ambitus. Madreporite very large, occupying the centre of

the apical system.

r.enus 1. PiLEUs Desor.

Pileinse with the ambulacral pore-pairs biserial adapically.

Periproct very slightly oblique. Fifth genital plate small,

imperforate.

Genotype. P. piletts Agassiz.

Corallimi.

Genus 2. Axorthopygus Cotteau.

Pileina^ with the ambulacral pore-pairs uniserial throughout.

Periproct markedly oblique. Apical system ethmolysian.

Tubercles of intera,mbulaci*a in sloping lines on both sides of the

central series.

Genotype. A. orbicularis Grateloup.

Loioer andj Middle Cretaceous.

Family II. DISC0IDIIJ3^.

Holectypoida with a circular or posteriorly elongated ambital

outline. Depressed or elevated, conical, adapically; flat or

slightly concave adorally. Peristome of moderate size, with
strong perignathic processes and well-developed ridges. Bran-
chial incisions well marked. Periproct of variable size, marginal

or adoral in position. Ambulacral plates primaries to the

ambitus, compound there and adorally. Pores usually equal and
circular. Interambulacra broad, with many vertical rows of

tubercles, often supplemented by hypertrophied granules.

Granulation usually transversely linear. Tubercles much larger

on the adoral than on the adapical surface ; arrangement as in

Proc. Zool. Soc—1912, No. XXIX. 29
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Pygasteinna^. Apical system composed of five genital plntes, the

posterior one perforated or not. Madreporite central. Ocular

plates often very small. Radioles short, ac\iminate, longitudinally

striated.

Lower Oolitic to Upper Cretaceoiis.

Subfamily 1 . Ho L e c t Y p i N ^•

DiscoidiidfB with the periproct marginal or adoral in position.

Fifth genital plate smaller than the other four. Tuberculation

nsually sparse. Perignathic ridges low. No internal buttresses

to the test.

Genus 1. HoLECTYPUSDesor.

Holectypina:" with the characters of the subfamily.

Genotj^pe. H. depressus Leske.

Subgenus 1. Holectypus sens. str.

Holectypus with the posterior margin often elongated ; witli a

large periproct, marginal or adoral in position. Fifth genital

plate small and imperforate. Madreporite centiul and
prominent.

Subgenotype. H. depressics Leske.

Lower and Upper Oolitic.

Subgenus 2. Ccexholectypus Pomel.

Holectypus with a circular ambitus
;

periproct of comparatively

small size, usually adoral in position. Fifth genital plate almost

as large as the others, and perforated.

Subgenotype. C. macropygus Desor.

Lower to Upper Cretaceous.

Genus 2. Coptodlscus Cotteau &, Gauthier.

Holectypinfe similar to CoenJiolectypus, but with deep excava-

tions along the plate sutures on the adapical surface.

Genotype. C, ncemice Cott. & Gauth.

Genus 3. Lanieria Duncan.

Holectypinfe similar to Ccenliolectypus, but globular in shape.

Genotype. L. lanieri d'Orbigny.

Upper Cretaceous.

Subfamily 2. D i s c o i D 1 1 n .e.

Discoidiidfe with a circular ambitus ; with the periproct on the

adoral surface. All five genital plates of approximately equal

size, the posterior plate perforated or not. Madreporite often

scattered over all five genitals. Perignathic ridges high.

Internal buttresses present on the adoral surface.
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Genus 1. DiscoiDEA Agassiz.

With the chai-acters of the subfamily.
Genotype. D. suhucula Leske.

Lower and Ujijyer Cretaceous.

Family III. CONULID.E.

Holectypoida with a posteriorly elongated or circular ambital
outline. Usually tall and coiical adapically; flat or subconvex
adorally. Peristome small, slightly elliptical and sometimes
oblique, with the perignathic ridges of equal height wath the
processes, the whole girdle leaning against an internally thickened
portion of the adoral surface. Branchial incisions very slight.
Penproct small, marginal. Ambulaci-a of compound plates
almost throughout, pore-pairs definitely triserial near the
peristome. Interambulacra multituberculate, with both ad-
median and adradial series sloping adorally, and often in linear
sets of thi-ee instead of two on each plate. Granulation irregular,
granules_ sunken on the adapical surface. Apical system with
four genital plates only. The two posterior oculars meet along
the middle line, and are larger than the other three. No
internal buttresses, but a marked thickening of the interradial
parts of the adoral surface. Kadioles similar to those of Dis-
coidiidae

;
but in addition short ? pedicellaria-stumps arising from

the invaginated granules.

Lover to Upper CreUtceous.

Genus 1. CoxuLus Leske.

With the characters of the family.
Genotype. C. albogalerus Leske.

"

Lower and Upper Cretaceous.

IxCERTyE SEDIS.

DisCHOLECTYPus Pomel.

Holectypoida Avith the characters of Canholectyptis except in
the amlndacra, which are composed of compound ialates throueh-
out, as m the Conulid*.

Genotype. D. meslei Gauthier,

Lower Cretciceous.

Discussion of the Systematic Position of Genera formerly included
among the Holectypoida, but now removed from the Group.

Plesiechinus Pomel.

This genus (or subgenus) included Pygaster semisulcatus
Phill. and other species related to it. As P. semisulcatus is the

29*
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type of Pygaster Agass. (6), the name PlesiecMnus cannot be

retained. I have, therefore, renamed Pomel's subgenus Pygaster

sens. str. The ^'Pygaster" of Pomel thus requires a new sub-

generic name. As this group, which is typified by P. umbrella.,

is similar in the character of the periproct to Macropygus, and

seems to mark a parallel though distinct line of evolution to that

subgenus, I have named it Megapygus.

Pygastbides Loven.

As Avas realised from the first, this small recent form possesses

all the essential features of a Pygaster, and the species

{P. relictus) was originally given that generic name by Loven.

There is no direct evidence, so far as I have been able to gather

it whereby this genus should be omitted from the Pygasteridse.

But there is a serious doubt as to its being a " genus," in the

strict sense of the word. It is founded on one broken and

minute specimen. On first principles, the great lapse of time,

un bridged by any similar forms, which separates P. reUctMS from

even the latest members of the Holectypoida, renders it im-

probable that ifc can be a revived example of the group.

Moreover, there has recently come to light some indirect

evidence which seems thoroughly to undermine the foundations

of the " genus." The presence of a generally Pygaster-Mke,

facies, and of a complete lantern, in a small recent Echinoid

known to belong to the genus Echinoneus (Agassiz, 58), in

addition to the extraordinary intei'est of its mere existence,

makes it practically certain, to my mind, that the specimen

described by Loven was a similai'ly atavistic post-larval form.

For this reason, I have thought it best to ignore Pygastrides in

the diagnosis of the Holectypoida, and to omit it altogether from

the classification.

Galekopygus Cotteau (Desor).

Several well-marked features render it impossible, as well as

unnatural, to associate this genus with the Pygasteridfe. Two
striking diff"erences are the strong curvature of the two posterior

ambulacra at their adapical extremities (and the extreme narrow-

ness of the areas generally), and the irregulai'ly multituberculate

character of the interambulacra. Moreover, the peristome is

small, unnotched for branchite, and placed anteriorly from the

centre. It must be regarded as the earliest known genus of the

Nucleolitidfe of Gregory (50), and its affinities will be more fully

discussed in Section YI. of the present paper.

EcHiNiTES Duncan [Protocyamus G]"egory).

Bather has shown (55) that this " genus " (renamed by Gregory

in 1900), being founded on Discoidea suhacida Leske, must be

considered a simple synonym of Discoidea. D. subtcada is the

type of the genus.
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CoNULorsis, gen. nov.*

Tlie following is a brief diagnosis : —AniV)itns circular, or very
slightly elongiited posteriorly ; adapiciil sin-face conical, not very
elevated ; adoral sui'face fljit or slightly concave. Peristome
small, slightly excentric, surrounded by interradial " bourrelets."

T'eriproct marginivl or inframarginal, transversely expanded.
Ambulacra of simple primaries, large adorally

;
pores almost sub-

petaloid adapicaJly. Interambulaciu multituberculate, tubercles
not in vertical series, deeply scrobiculate, imperforate. Granu-
lation coarse, closely packed.

Genotype. C. roemeri d'Orbigny, sub Galerltes.

Upper Cretaceous.

This genus corresponds with the " Ech.inoconus''' of Desor (21),
but is certainly not a member of the Holectypoida. " Galerites

roemeri" is not a " Galerites" at all, but, like the '' Echinoconus
ahhreviatus'' of our own uppermost Cretaceous (its probable con-

gener), seems to be a near ally of Caratomus (see Hchlueter, 54),
but to be sufficiently distinct to demand a new generic name. A
further discussion of the afKnities of Conulopsis will be found on
p. 491.

Adelopxeustes Gauthier.

This genus is founded on one specimen, A. laud>erti, from the
Upper Chalk of Tunis. It is compared by CJauthier (46) with
Galerites roemeri d'Orbigny, and the coiupaiison, jiulging by the
figures, seems justified. It must therefore follow Conulopsis to

the Caratomus-^voxx^.

CONOCLYPEUSAgassiz.

There are two noteworthy features which separate this genus
from the Holectypoida. There are no branchial incisions on the
margin of the peristome, and the andjulacra are definitely sub-
petaloid. Moreover, the interambulacral tubei'cles are closely

packed, without any recognizable vertical arrangement. Cono-
ch/peus, and with it probably Ovidypeus Dames, represents the
most primitive family of the Clypeastroida. The family name of

Conoclypeidfe used by Gregory (60) may be retained for these
two genera.

Amblypygus Agassiz.

This genus has not, so far as I am awai-e, been previously
associated with the Holectypoida, but its affinities with that order
ai-e at least as well marked as those of the genus last mentioned.
It is certainly edentulous, and the tubercles are quite irregularly

packed together on the interambulacra. The ambulacra, how-
ever, in spite of an appreciably subpetaloid development on the

* A more detailed uccouiit of tlie cliaracters of this genus will be given in ;i j)ai)er

that I liopc to jjublish shortly.
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adapical surface, have exactly the plating-characters of Conulus.
A')nhlypygus seems to represent the simplest form of the Tertiary-

Recent section of the " Oassidulidse " (see Hawkins, 66), which is

characterized by Echinolmnpas and its allies. The genus will

receive fuller consideration in Section VI. of the present paper.

IV. Comparative Morphology.

Throughout this part of the paper references are made chiefly

to the structures of the four common British representives of the

group {Pygaster, Holectypus, Discoidea, and Conulus). Only when
peculiar characters or important contrasts occur in the less

abundant or foreign genera is a description of them inserted.

I have followed this principle advisedly, because, as this work is

largely one of generalization, it seemed preferable to use forms
where plenty of material was available, rather than to run the

risk of laying too strong an emphasis on a feature which,

occurring in an uncommon type, might be an individual

peculiarity.

A. The proportions of the Test.

1. The circumference.

All the forms which are included in the Holectypoida have

typically a radially symmetrical outline around the ambitus. In
some of the earlier foi-ms, notably in varieties of Fygaster senii-

sulcatus, there is a tendency for the outline to be quite sharply

pentagonal by reason of the prominence of the ambulacra, but

outside the borders of Pyyaster sens. lat. this feature rarely

appears. It is perhaps worth noting, in this respect, that among
the markedly pentagonal forms in my collection of the species

just mentioned, there are many of quite small size. Although
thus apparently a constant feature throughout life iu some
individuals, the angularity seems not to represent any phylo-

genetic stage, but to be mei'ely an irregxilar, though frequent,

variation.

Among the Pygasters, when any departure from radial sym-
metry is encountered, it is found to result from a shortening of

the antero-posterior diameter in proportion to the width of the test.

This effect is appreciable in P. {Megapygu,s) umbrella, but reaches

its extreme in P. (Macropygus) truncatu,s. It is in all probability

due to an interference with the growth of the plates of the posterior

interambulacrum by the great size of the periproct. The trun-

cation of outline is rarely found outside the genus, but in Desorella

and Galeropygus it reappears, often to an increased degree.

The slight groove which, in P. semisttlcatus, passes from the

periproct to the posterior margin, is probably due to the same
cause as the shortening of the interradium. It is very interesting

and suggestive to find a trace of the sulcus in this genus, in view

of the fact that its presence is a notable feature in Galeropygus.
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and inosfc of the non-llolectypoid Jurassic Irreyulni- genera. A
further reference to this feature will ))e found in tlie .section on
the interambulacra. (p. 465).

In Jlolecti/pus thei-e is a tendency opposite to that of Pyyaster^

but one probal)ly caused by the same agent. In such a form as

II. depressus, where the periproct is of very large size and is

situated on the adoral surface, there is frequently a backward
[)rojection of the posterior interambulacrum to accommodate it.

Even with this projection, there is often but a thin rim of test

between the periproct and the peristome —a fact which shows the
liecessity for some such ari'angement. In many of the Jurassic

species which have a inarginal periproct, a similar tendency is seen

(e.g., Holecti/jJics oblo)i(/nsy\^i-ight). Although the lengthening of

Text-fig. 54.

])iagrams of tlio adoral surface iii some Holoctypoida and their allies showing
the shape of the ambitus and characters of the peristome.

A. Ffigaster semisulcatus, B. Galeropygas agarwiformis. C. Pifgastcr (Macrn-
pi/gws) laganoides. D. Holecti/pv,s depresst(,s. E. Discoidea ci/lindrica.

¥. A Clj'peastroid. G. Conulns albogalerug. H. A cretaceous Echiiioiioid,

theautero-posterior axis results in a bilateral symmetry compar-
able with that of many of the Echinoids which are more advanced in
" Trregulaiity," it was not a feature retained by the Holectypoida,

after Jurassic times. All the species of the subgenus CdiiiJiolec-

tj/pns, and all of Discoidea, have an approximately cii-cidar outline.

The slightly indented character of the interradii on the ambitus
of iJifscoidea gives an alternating concavity and convexity to the

margin which may be compared with tliat of a Ch/peaster. In
Coniibis the tendency to elongation reappears, particularly in the

large, high-zonal foi'ms of fj. alhngaleras, ^vhere the marginal
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periproct is often situated on a considerable projection of the

posterior interradius. The renewed appearance of bilateral sym-
metry under these conditions seems to confirm the belief that, so

far as the Holectypoida are concerned, deviations from radial

symmetry are connected with the migrations of the periproct, and
depend upon them, having i;io real significance of their own.

2. The Adapical S'urface.

With the exception of one rare form {P. semisulcaUiS var.

conoideus), all the species of Fygaster are depressed. The conical

shape is not quite regular owing to the interference of the peri-

proct, and the apex is usually a little to the rear of the centre.

In Holectyptis the cone is rarely less elevated than in an aA^erage

Pygaster, and is usually considerably higher. The extreme flat-

ness of Anorthopygus orbicularis is qviite exceptional for the

group. The cylindrical form of Discoidea cylindrica is all the

more curious because of the normally conical shape of the other

and smaller species of the genus. The outline of Comdzis suh-

rotundus sometimes resembles it, but the A^ertical character of the

sides is never so complete. The Upper Chalk Comdi tend, as a

rule, to assume an acutely conical shape, so that the area of the

a,dapical is sometimes twice as great as that of the adoral surface.

The apex of the test is practically central in all the genera except

Pygaster.

Among outside genera, almost the only forms to show the

sharply conical shape of the Holectypoida are Conoclypeus and its

allies. Most of the Clypeastroids are exceedingly flat in shape,

while the bilaterally symmetrical groups natiu'ally cannot be

compared with the Holectypoida in this feature.

3. The Adored Stirface.

There is a veiy constant progressive change in the form of this

region of the test within the group. From Pygaster, with a base

so concave that specimens placed with the mouth downwards
rest on the ambitiis alone, to Comdus, where the base is to a con-

siderable extent convex, CA^ery gradation may be traced. As this

feature is directly associated with some of the peristomial char-

acters, it will be better to postjjone its discussion to that section

of the paper.

B. The Peristome and Associated Structures.

1, The Peristome,

The central position of the peristome is constant throughout
the group. In its size there is a progressive reduction traceable

through the Jurassic to the Cretaceous forms. In Pygaster the

peristome is of about the same size, relatively to the test diameter,

as in an average Diademoid (about one fifth), In Holectyptis a
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reduction is initiated, wliich is maintained and even accelerated

in Discoidea, until in J). c)/lindrica, and also in (fomdus, the peri-

stome has only nbout one ninth the diameter of the test.

In dealing with this character it is important to realise that the

size of the peristome is not of necessity directly connected with

the presence or absence of jaws. It is true that in Galerojyygus

and Pyrina, where jaws were absent (at least, in adult forms), the

peristome is quite small ; but in the majority of the Olypeastroids

the peristome is smaller in proportion than in these genera, and

yet powei'ful jaws are present.

In the matter of the proportional i-epresentation of the ambu-
lacral and interambulacral areas on the peristome margin, a slight

])ut important change occurs in the course of the development of

the group. In Pygaste.r sens, str., the proportions are 1 to 1"4 in

favour of the interambuLicra,. In Comdus there is no appreciable

difference in the share taken by the two areas. This change is

partly due to the increased phyllodal tendency of the adoral parts

of the ambulacra in Comdus, but still more to an actual narrowing

of the interambulacra. In view of the extreme reduction which

is found in the latter areas of Clypeaste?' and its allies, the pro-

gressive change, though slight, is significant.

Apart from the characters of the branchial slits, Avhich will be

considered in the next paragraph, the shape of the peristome

undergoes no important changes until Comdus is reached. In

that genus the circularity of its outline becomes slightly modified

into an elliptical shape, with a tendency for the long axis of the

ellipse to be oblique in its relation to the antero-posterior diameter.

The departure from the circular form is very insignificant in itself,

but when viewed in the light of the persistently elliptical, and

usually oblique, peristome of the Echinoneidfe, it becomes invested

with greater meaning.

2. llie Branchial Slits.

All of the genera iohat I include among the Holectypoida

possessed external branchiie. Within the boundaries of the group,

however, it is possible to trace the gradual reduction of these

structures (as indicated by the shallowing of the peristomial slits

through which they passed) until they become hardly appreciable

in size. In no case are there signs of the smooth calcareous

developments of the intel^ambulacra, for the suppoi-t of the gills in

a recTimbent position, which are characteristic of many of the

Regularia Ectobranchiata. The slight modifications of the plate

surface that exist are discussed in the section on the interambu-

lacral areas.

In Pygaster sens, str., the branchial slits are extremely well

marked (in Megapygus they are slightly shallower), and the depth

of their incision renders the outline of the peristome festooned

and decagonal. This stellate shape of the peristome is retained,

though to a reduced degree, in Holectypus. In Discoidta the slits
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are so small that, in spite of the relative minuteness of the peri-

stome, the margin is actually less notched than in Pygaater. In
Conulus the slits ai'e only just distinguishable on the thickened
rim of the peristome. In Fyrina^ and in the Echinoneidee gener-

ally, they seem to be altogether absent.

The concavity of the adoral surface is found to correspond
fairly closely with the development of the branchiae. In Pygaster^

Anorthopygus^ and Holectyptis, the adoral surface is mai-kedly

concave, and the peristome is situated in an additional hollow in

the centre. In Biscoidea the surface is almost flat, and yet the

peristome is deeply sunken. In Conulus, on the other hand, the

mouth is practically flush with the test-surface. In the Regular
Ectobranchiata the length and stoutness of the radioles are suf-

ficient to keep the test permanently raised above the rock surface.

The branchiae are by this means kept free from the danger of

becoming bruised or fouled by contact with the ground. In
the Holectypoida the radioles Avere certainly not so strong as, and
probably of far less length than, those of an average Regular
Echinoid. As a consequence, the adoial surface would be usually

very near to, if not in actual contact with, the rock surface. tSuch

a, condition would have a disastrous effect on such delicate oi'gans

as the external branchiae. It seems possible, therefore, that the

concavity of the adoral surface of the test is a device for sheltering

these structures. In the case of Discoidea, where, for purposes of

internal consolidation, the lower part of the test is flattened, the

region of the peiistome is sunk to a proportionately great degree

to afford this shelter for the branchiae. In Comdus, whei'e the

branchiae were practically negligible in size, and probably in

fvmction also, no such precautions were necessary. For gnatho-

stomatous forms, like the Holectypoida, which were presumably
not wholly, or even chiefly, microphagous, this depression of the

peristome would appear to be disadvantageous for the capture of

food ; and only the safety of the equally essential process of

respiration could warrant such a development. However, it must
be remembered in this connection that the Clypeastroids, in a

considerable number of cases, possess a re-entrant peristome

without any external branchiae. They have grooves on the adoral

surface converging on the mouth, which may counteract what
seems to be an unprofitable structure. Moi'eover, among them
the indentation of the peristome is in all proba.bility connected
with the accommodation of the large jaw-apparatus.

The Holectypoida oflTer no satisfactory evidence as to the

relation between the peristomial and petaloid branchiae. In the

Upper Jui-assic Pygasters (e. g., P. {Megapygns) maGrociiphus)

there is a marked tendency towai'ds petaloid structure in the

adapical parts of the ambulacra, but the branchial slits are as

well developed as in any of the earlier species. As the genei'a

are ti'aced to the Upper Cretaceous, there is an ii'regulai' but

frequent tendency seen for the adapical ambulacral pores to

become dissimilar, but there is neA^er anv contrast sufiicient to
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warrant a belief that ariibulacral brancliia! were present. And
so in Conidus, in tlie almost complete absence of peiistomial gills,

there seem to have been no special structures, either left or

developed, to perform the function of respiration. In the

Echinoneida3 the same condition obtains, but the Olypeastroida

show an ever increasing pei'fectiou of adnpical petals to com-
[)ensate for the loss of the moi'e primitive adoral branchiaj.

3. The Perignathic Girdle.

Detailed and valuable studies of this structure in Discoidea and
Gottidus have been made by Duncan and Sladen (40 cfe 41) and
Loven (43 & 48). These researches have the additional value

that they were pursued with different aims. The former authors

wei'e intent upon demonstrating the absence of jaws in the two
genera, while Loven predicted, and later realised, their discovery

in Discoidea. The structure of the perignathic girdles of Pygaster

and Ilolectypus is not so fully known, and in the case of

AnortJiopygus thei'e wei-e no known ti-aces of the girdle when
Duncan (44) placed the genus in the same family with Kchino-

ueus. Loven (48) knew of its existence in all the three genera,

but gave no details of its structure.

Text-fig. 55.

C D
Diagrams of the perifiimtliic girdles in

A. Pj/gasfer. B. Anorthopifgus. C Discoidea. D. Conidus.

In Pygaster the processes are very strongly developed, while

the ridges are hardly recognizable. There is no tendency for the

processes to form an arch over the ambulacra —in fact, they

slope away from one another. Thus there is iriitiated the

persistently disjunct girdle which characterizes all the gnatho-

stomatous Irregular Echinoids. In Ilolectypus the structure

seems to have been practically the same, but there are indications

that the ridges were slightly more pronounced. This was

certainly the case in Anorthopi/giiK. In JJiscnidra the processes
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are proportionately similar to those of Pygaster, but their

prominence is almost masked by the extreme elevation of the

ridges. In Gomdus this latter feature is carried so far that,

except for the suture-line showing that the process is present,

the only visible and free portion of the ambulacral part of the

girdle is a minute shining knob at each corner of the ridge.

It is, 1 think, a point of great interest to find that both

ingredients of the perignathic girdle are so strongly developed

in these later Holectypoid genera. One of the most obvious

contrasts between the divisions of the Clypeastroids is the

presence in some genera of one support for the jaws in each

interradius, and in others of two. It would seem that, when
they are double, these supports represent processes, and when
single, they are the degenerate relics of ridges. Both such

conditions could be obtained readily by the modification of a

perignathic girdle in which both portions were equally repre-

sented. All that is necessary is a simple process of the elimination

of one or the other of the parts.

Another feature of interest in the pei'ignathic girdle of the

Holectypoida, and one connected intimately with the method of

use of the jaws, is the angle which the supports make with the

plane of the adoral surface of the test. Iq Fygaster the processes

are almost, though not quite, at right angles to that surface,

with a slight outward slope. This inclination is rather more
marked in Anorthopygus, and considerably so in Ilolectyptis. In

Discoidea the angle between the girdle and the floor of the test is

quite acute, while in Conuhis it becomes, especially in thin-tested

forms, almost 45 degrees. The practically vertical girdle of

Fygaster would indicate a correspondingly vertical working of the

jaws, similar to that of the Regular Echinoids ; while the highly

inclined system in Conulus seems to show a tendency towards

the horizontal working of the jaws of Clypeastroids.

In Gonoclypeus, according to the description and drawings

given by de Loriol (35), the two ambulacral processes are present,

but the ridges have dwindled to insignificant proportions, both in

width and height. This brings the processes closely together,

and there is consequently induced a markedly Glypeastroid

appearance in the perignathic girdle.

4. The Jaivs.

Our knowledge of the jaws of the various genera of the

Holectypoida is very meagre and unequal. In fact, of the details

of the structure of the pyramids and teeth of Jurassic forms next

to no evidence is at present available. There are two reasons

why this condition of affairs should exist. Firstly, the jaws are

internal organs, and so, if they are preserved in the interior of a

specimen, it is necessary to break it up before they can be

studied. Moreover, it is usual to find the matrix that filtered

into the tests of Oolitic forms more compact and refractory in
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texture tlian the surronndiiig rock. Secondly, the large size of

the peristome in tlie earlier genera would be liable to let the

jaw-fragments slip tlirough when their supporting muscles had
decayed. As all the specnes of Pi/gaster and Ilolectyjnis are nioi-e

or less conical in shape, the natural position that the test would
assume when allowed to settle on the sea-floor would be with the

oral surface downwards. After the jaws had slipped througli

the pei'istome they would, on account of their relatively light

weight, become scattered by cui'rents which were too gentle to

move the whole test.

Jaws are known to exist in Pygaster, but I have been unable

to find desci'iptions or specimens in which their striictuie was
adequately shown. From the characters of casts of the pyramids
preserved in an ironstone mould of P. ? semisulcatus that I have

seen, these parts of the lantern seem to have been large and
massive, and of a shape corres[)onding with that of the pyramids

of Cidaris. Wright (30) has figured a specimen of llolectypns

depressus in which the com})lete lantern is preserved. I have

examined the specimen (B.M., E. 1687), but it is impossible to

trace any of the ossicles to their extremities, so that no measure-

ments of any value can be taken. The general facies of the

pyramid is strikingly '• Regular." Nothing seems to be knov.n

of the jaws of Anorthojiygns, but they nnist certainly have

existed.

For a hnig time the pi-esence of jaws in IHscoidea was doubted,

and sometimes, notably by Duncan (41 & 45), absolutely denied.

In 1892, Loven, in the wonderful store of information as to the

perignathic structures of Echinoids contained in his Echinologica

(Loven, 48), gave a description of the pyramids in D. cylindrica,

and recently I was able (Hawkins, 60) to confirm and amplify his

description with the additional features of the epiphyses and the

teeth. In this genus the pyramids have still a markedly
" Regular" appearance, although they were probably much more
closely attached to the processes of the pei'ignathic girdle than

in any Regular Echinoid. This shortening of the muscles of

attachment resulted in a, far less vertical position for the lantern

as a whole, while the strong incurving of the adoral parts of the

pyramids will have increased the angle to one of about 45 degrees

at the peristome. The teeth are cui-ved considerably to correspond

with this arrangement. They are strong, and built on the

Echinoid plan, in contrast to the Diademoid, with a pronounced
keel on the concave side.

In the case of Comdtts, the long controversy as to the presence

or absence of jaws has been partly settled by the discovery of

teeth in a specimen of C. sn,brotundus (Hawkins, 65). There is

as yet no evidence as to the characters of the jaws ; and the teeth

in themselves, beyond their similai-ity to those of Discoldea, show
no features of special interest. They are less curved than those

of that genus, and more sharply pointed, the latter character

being in contrast to what might be expected in view of the
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blnntness of Clypeastroid teeth. The peculiar structures in

C. alhogalerus, usually known as the " buccal plates," are probably

in some way derived from jaw-ossicles, as their anomalous
character separates them absolutely from the peristomial plates

which exist in many other genera. In the paper to which
reference has just been made, I have suggested a possible origin

and function for the buccal plates, but it must be confessed that

the theory advanced there ha,s a very insecure foundation.

So far as is at present known, there is nothing in the structure

of the lantern of the Holectypoida which even foreshadows the

curiously expanded pyramids of the Clypeasti'oida. The probable

delicacy of texture of the pyramids in Conulus subroiimdus may
indicate the incoming of a reticulate structure similar to that

of the corresponding parts in Clypeaster. With regard to the

manner of working, the angle of setting of the jaws shows a
progressive tendency towards the Clypeastroid method. This

retention of the " Regular " facies of jaw-structure throughout
the grovip is rendered the more remarkable by a comparison
with the fi'agmentary pyramids in Conoclypeus described by
de Loriol (35). That genus, with its Clypeastroid (almost

Echinanthine) general build, seems to have possessed the compact
pyramids of a Discoidea. It is true that the only record of its

jaws is very imperfect, but this much seems obvious on a study

of de Loriol's drawings. But in Conoclyfe%is, in spite of the

Holectypoid jaw-structure, the perignathic girdle is very like

that of Clypeaster.

The recently described teeth and lantern in a young sjDecimen

of an Echinoneus (Agassiz, 58) have a most important bearing on
the relation between the Holectypoida, and the Echinoneidse.

The presence of the jaws is undoubtedly a vestigial character,

for they seem to be resorbed while the individual is still quite

immature. The jaws and teeth both have a Discoidea-Mke

appearance, rather than a Clypeaster-isicies. It is probable that,

as they exist in the young stages of Echinoneus (the most
advanced member of its family), they will have been present in

such genera as Pyrina at a corresponding stage of development.
The likelihood of their discovery in fossil forms is extremely
remote, owing to their minute size and delicate texture, but
analogy tells strongly in favour of their existence. This dis-

covery is a remarkable instance of the completion by Ontogeny
of an unfinished chain of evidence supplied by Palfeontology,

and removes any doubt which may have existed as to the
intimate relationship which links the Conulidee with the early

Echinoneidse.

In this connection it seems well to suggest the possibility that
Loven's genus Pygastrides (Loven, 43), a '' Pygaster" lingering so

long after the day of the Holectypoida was past, may be only
another example of the vestigial gnathostomatous stage of some,
probably Echinoneid, genus. So strongly am I of this opinion,

that I have omitted its name from the new classification.
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C. T h (' P e r i p r o c t.

Since the exoentric position of the periproot, outside the .apical

cycles of [)lntes, is a diagnostic feature of the Irregular Echinoids
MS a. whole, it is natural to find that in the Holectypoida, which
includes the most primitive of the " Exocyclie" forms, its position

is very variable. When once the periproct has left the apex, its

chief tendency seems to be to assume a position as absolutely

posterior as possible, and in the course of its passage to such a.

position, it undergoes many changes itself, and is the cause of

many othei's to the test. It always lies in the postei'ior intei"-

aml)ulacrum.

1 . Tlie Position of the Periproct.

Practically the only distinguishing feature between a young
specimen of a Pi/gaster sens. .str. and a primitive Diademoid is

the fact that in the former the periproct has broken through the
posterior part of the apical system. It cannot be said to lie

altogether outside the system, for to some extent it occupies the
position of the posterior genital plate, and extends well up to the
apex of the test. It is, in part, more nearly central in position
than in some of the 8aleniida^, although its large size causes it to
reach away fi-om, as well as into, the apical system.

In Pygasier sens, lat., the periproct is always in contact with
the apical system, —in the earliest forms reaching to the inner
margins of the anterior and antero-lateral genitals, and in the
later ones touching only the outer margins of the redeveloped
posterior genital. When traced from Pygaster sens. str. to
ALccropygus, however, the position of the widest part of the
periproct is found to pass gradually backwards, while the posterior
edge of the opening approaches the ambitus of the test. Pygaster.
then, shows a .stage in which, although the periproct retains
its primitive associa,tion with the apical system, the posterior
tendency in its position is recognizable.

Pileus and Anorthopygus agree in having the peripi-oct entirely
on the adapical surface of the test, but quite separated from
the apical system. In most cases, however, the posterior part
of the periproct is not so near to the ambitus as in Macropygus.

In Holectypas we find two groups, as regards the position of
the periproct. Both groups appear a.t almost the same stage of
the Lower Oolite, but one is more retarded in character than the
other. The former, which may be exemplified by H. hemi-
sphcericus, has the periproct opening on the margin, that is, in
the posterior extremity, of the test. The latter, of which a
common representative is //. depressus, has the periproct entirely
on the a-doral surface, and often very close to the peristome. It
would appear a.t first sight that in the former group the periproct
hail i-eached the necessary limits of its retrogression, and in the
latter had, as it were, overshot the mark. Rut, in tlie liglit of
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the later genera, it is impossible to regard the adorally situated
periproct of E. d&pressus as a case of overspecialization. Most
of the species of Gcenholectijpus have the periproct in that
position, as have all the forms of Discoidea. The H. hemi-
sphcericus character reappears in Conidus, and is retained in most
of the Cretaceous species of Pyrina.

Text -fie. 56.

Diagram showing the shape and position of the periproct in A. Tygaster sens, sti'.,

B. Megapygus or Macropygus ; C. Anorthopijgus ; D. Holectypus {liemi-

sphcericus) ; E. Conulus ; P. Holectypus (depressits) ; G. Discoidea. The

thick line represents the ambitus. The proportionate height of the inter-

radial plates is indicated.

Loven (36) has indicated the correspondence in periproct-

migration that exists between the Holectypoida (his Echinoconidse)

ancl both the Echinoneidse and Cassidulidfe. Galeropygus and

Clypeus both have the Pygaste7'-\ike periproct, in contact with

the apical system, while the Nucleolitidse show an arrangemetit

more like that of Pileus. The Echinolampidje include forms in

which the periproct may be marginal or adoral in position.

In connection with the position of the periproct, an interesting

feature of the posterior interradius may be discussed. Reference
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has been made already (p. 455) to the truncated form of many
of the Pjf(jast^,vs, and of (Jalcropifijus, and the comparatively
elongated outline of some Ilolectijpi and of Coaidus. The
truncation of the posterior interaml)ulacrum is associated with
the presence of a more or le^s defined posterior sulcus ; and, in
fact, whenever the periproct is on the adapical surface, this

sulcus is developed. The functional value of a sulcus below the
anus is obvious, as it would tend to restrict the passage of ftecal

matter to a definite channel, and so to prevent it from coming
in contact with the podia. But the developmental meaning
of the structuie would seem to concern the interference in the
growth of the iiitei-ambulacral plates by the periproct. These
plates, formed at the apex and forced downwai-ds towards the
ambitus, have to separate along their median sutures to pass
i-ound the periproct, and subsequently have to close together
below it. The irregularity thus caused results in a retardation
of their downward movement (and a consequent shortening of
the distance from the apex to the posterior margin of the test),

and in a sagging inwards of the reconstructed portions of the
plates to form a groove. The probability of this explanation of
the structure so characteristic of Pygaster, Galeroj^ygiis, and the
Nucleolitidfe, becomes increased when the opposite conditions
are considered. When the periproct is marginal or inframarginal
in position, the interambulacral plateg can pass freely over the
adapical surface until the edge of the periproct is reached. Here,
in consequence of the lessened width of the divided halves of the
area at the sides of the periproct, a delay in the progress of the
plates occurs. As a, result, the oncoming plate.s lecome heaped
up against one another above the perijn'oct, and give I'ise to the
elongated, carinate posterior shape which characterizes //o/ee^T/^j'jfS

sens, str., Comdas, and also the fSpatangoida.

Although it must be admitted that the two opposite conditions,
sulcate and carinate, of the posterior interra^lius have, from a
teleological standpoint, an obvious and similar functional value,

the explanation given above seems natural in view of their
regular association with the position of the periproct. In the
case of the Spatangoida., there is the complication of a "posterior
siu'face " to the test, at the upper part of which the peripi'oct is

situated. If this surface were curved in conformity with the
rest of the test, the periproct would open at a point about
midway between the apex and the ambitus, as in PUeus or
Anortkopi/giis. It seems to me to be a very striking fact that,

in the last-named genus, no trace of a posterior sulcus is developed,
but that the declivity of the test is appreciably incieased as a
lohole in the region behind the periprcct. The Spatangoid
posterior surface might, then, be regarded as the product of a
retarded growth of the entii-e postei'ior interambulacrum owing
to the interfeience of the periprcct, while the carina above it

would be cau?jed by the same agent in its opposite infiuence.

In the few cases where absolute circularity of outline is

Proc. Zool. Soc—1912. No. XXX. '
30
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regained in the Irregular Echinoids, as in Discoidea and many
Clypeastroida, the periproct is so small as to necessitate very

little modification of the steady progress of the coronal plates

from the apex to the peristome.

2. The Shape of the Periproct.

In Pygaster sens, str., the periproct is roughly elliptical in

shape, and very large, often having the same width (in transverse

measurement) as the apical system. In Alegapygus and Macropygus

its outline becomes pyriform, owing to the partial closing in of

the interambulacral plates round its adapical extremity. The

width never becomes greater than in Pygaster sens, str., but the

actual size is much larger in these later subgenera, owing to the

backward shifting of the posterior edge of the periproct without

a corresponding retraction of the adapical margin. The pyriform

shape caused by this lagging behind of the upper part of the

periproct leaves its impression on the shape of the aperture in

later genera. In Holectyjyus, for example, the periproct has

its ad oral margin rounded, but adapically it tapers to a point.

The same feature is seen in Pileus. In Holectypus sens, str., the

periproct is still large ; in some species, e. g., H. depressus, it is

of an extraordinary size. But in Coenholectypus it has generally

decreased so as to be smaller than the peristome. In Anortho-

pygus the periproct is of moderate size, and has a characteristically

oblique position. Obliquity in the case of the peristome is not

uncommon among Irregular Echinoids (e. g., Pyrina and Tremato-

pygus), but this is practically the only form where such asym-

metry affects the shape of the periproct to a considerable degree.

In this connection it is interesting to find that in P. [Megcipygtis)

timbrella the large pyriform periproct shows a distinct inclination

towards the left side of the interradius, thus giving an indication

of potential obliquity.

In Discoidea the periproct is usually lanceolate in outline,

often equally pointed at both extremities, but it is always longer

than broad. In Comdus the marginal periproct is similar in

shape to that of Holectypus hemisphcericus, although smaller in

size. The pointed character of its adapical part is more pro-

nounced in young specimens than in adults. The size and

shape of the periproct in the Echinoneidse compares well with

those in the Conulidee. In the Clypeastroida the periproct is

always adorally situated, as in Discoidea, but it is veiy small, and

usually circular in shape.

3. The Anal Plates.

The plating of the periproct-membrane is at present unknown
in Pygaster, Pileus, and Comdtos, In the case of the two genera

first named, this is probably due to the large size of the periproct,
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and tl\o resulting flexibility of the niembinne nnd weakne^^s of

the plating. In the case of Couul-us (and also of those I/olecti/pl

which have the periproct rn;ii-giiial), the exposed position of the

anal plates on the ambitus may account for their non-prevservation.

A thickly plated membrane occupies the periproct of Echbionetis.

In Discoidea the plates of the pei'iproct are not infrequently

found in situ, and they are known in Caen/wl^ctij^^cs , Anortho-
pj/giis, and GoptocUscus. The last-named genus differs, a*; I'egards

this character, from all the others, in possessing a single ring of

almost equal-sized plates around the inner margin of the

periproct, and in not having, so far as is known, any smaller

plates in the immediate surroundings of the azius.

DisTohlpAt has one large anal plate, usually bearing a tubercle,

occupying most of the adoi'al half of the peiipioct-opening, and
a series of fringing plates which decrease in size as they approach
the adapical part of the aperture, A few, often only two, small

plates occur witiiin this irregular ring, and they are always in

contact with the largest plate. The anus is thus situated quite near

to the adambital edge of the periproct, in a position far removeil

from the mouth. In CoenhnJeGtyjnis, to judge by a figure of

G. juUieni from Algiers (Peron &, Gauthier, 34), the arrange-

ment was on a similar plan. There, however, the adorally

situated plate is relatively small, and the fringing plates are also

smaller and more numerous than in Discoidea. The inner anal

plates are exceedingly minute, and are presei-ved in considei-able

numbers.
In Anort?iop}/gus I have been able to study only the outlines

of the anal plates, these being easily traceable on a siliceous

mould of J. orbicularis in the British Museum, In this specimen
the arrangement of the plating is exactly the reverse of that

which obtains in the two genera just described. The largest of the

anal plates are adapically situated in the oblique periproct, and
a series of pentagonal and hexagonal plates, of approximately
equal size, covers all the remaining smface of the aperture

except for a very small area in its extreme adoral part. The
actual anus, which is I'epresented in the mould by a. pi'ominent

unsutured portion of the infilling matrix, lies in the true antero-

posterior axis of the test, thus being unaflijcted by the asymmetiy
of the periproct as a whole. There seems to have been no space

occupied by plates between the anus and the peripi'oct mai'gin.

The position of the anus, in its relation to the situation of the
periproct on the test, is interesting. When the aperture is on
the adoral surface the anus tends to open in its adambital corner,

while the same tendency, with an opposite efiect, appears when
the periproct is supramarginal. A generalization, founded on
the somewhat slender evidence of only three generic types, may
be made that: —Wherever the periproct may be situated, the

anus assumes a position within its borders as near to the ambitus
(i. e., the most posterior part of the te.st) as possible.

30*
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D. The A mb 11 1 a c V a.

1. The Poclial Pores.

Although one of the diagnostic characters of the Holectypoida
consists in the aptjtaloid nature of the ambulacra, it would be a
mistake to assume that the pore-pairs are therefore similar

throughout the group. The Nucleolitidse, which are a group of

almost the same antiquity as the Holectypoida, early developed
a marked heteromorphy in the podial pores of the adapical

surface ; and a similar character, continually recurring, but as

often held in check, is apparent among all the Jurassic members
of the order. Pygaster sens, lat., has uniformly larger pores on
tlie adapical than on the adoral sui'face, and the members of an
individual pore-pair are dissimilar in the former region of the test.

Even Pygaster semisulcatus sometimes shows this feature. The
outer pore of the pair is a little larger than the inner, although
both are somewhat elliptical in shape. In P. {Megapygi(,s) umbrella,

and still more in M. inacrocyphu.s, the diiference becomes increased.

The inner pore is cii"cular, and the outer retains an elliptical

shape, often on quite an elongated plan. The long diameter of

the outer, elliptical pore never becomes more than twice as great

as the diameter of the inner, circular one ; so that . the whole
ambulacrum cannot be said to show even a subpetaloid structure.

In Pygaster, while this dimorphism of the adapical pore-pairs

increases, the size of the pores on the adoral surface steadily

decreases. These latter pores are always circular, and the members
of each pore-pair are sepai-ated by a prominent granule. Their

small size renders them quite difficult to distinguish in the

Upper Jurassic forms.

In Holectypus a similar tendency is seen, although it is hardly

appreciable in the Cretaceous subgenus. The diversity of shape

and size in the adapical pore-pairs is rarely carried so far as in

Pygaster, but the reduction in the diameter of the ambital and
adoral pores is quite as well marked. In the case of Discoidea

the tendency is less noticeable. The pores of the adapical

sui-face are only very slightly larger than those of the adoral

(both series being minute), and are themselves always circular'.

The outer member of a pore-pair is sometimes just distinguishable

from the inner One in point of size.

In Conulus, by way of contrast, the pores of the ambulacra are

everywhere exceedingly minute, those of the adapical surface

being even smaller than those of the adoral. The largest pores

in this genus are generally situated on or near the ambitus.

Discoidea, and to a further extent Cooiuhis, may be regaided as

illustrating the triumph of simplicity of ambulacral strnctiu'e over

the persistent tendency to complexity which induced variation in

the earlier genera. In the case of Discoidea, the simplicity would

seem to have l)een short-lived as soon as its successor, Conoclypeus,

had emerged from the order Holectypoida, and initiated the

Clypeastroida, where often the petals are developed to a great
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degree. As regivrds Conulus, only the Echinoneidfe, among its

external I'elatives, retained the apetaloid character. The
Echinolampidte and the Conulopsis group show a pronounced

subpetiiloid development. Nevertheless, the fact remains that, in

the matter of their ambulacral pore-structure, the later geneia of

the order conform more absolutely to the letter of the diagnosis

than the earlier forms.

Text-fig. 57.

• •
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others, must be regarded as a curiously specialized offalioot from
the Fygaster-stock, which only survived a short time, and left no
de^scenclants.

2. 77ie Amhulacral Plates.

Recently, in the 'Geological Magazine' (Hawkins, 62), I indicated

in outline the principles of amhulacral structure which charac-

terize the Holectypoida. Later (66) I extended the line of

enquiry to the other Jui'assic groups of Irregular Echinoids, and
showed the influence that plate- structure exerts on the features of

the phyllode. It will, therefore, be necessary only to summarize
the results of those studies here, for the sake of completeness.

All the Holectypoida show a crushing together of the priinaries

to form compound plates in their ambulacra. The degree of

crushing is a progressive one. Most of the ambulacrum of

a Pygaster is composed of primaries, while hardly any unmodified

primaries remain in the ambulacrum of a Comdus. The building

of the compound plates is carried out on a perfectly uniform plan,

three original plates going to form one compound plate. The
significance of this triple arrangement will be discussed at the

beginning of section V". of this paper. Conulus differs from all the

other genera of the order (except the little-known Discoholectypus),

partly in the early stage at which the crushing commences,

and partly in the fact that two out of the three plates concerned

retain their primary character (though modified in shape) for

a considerable distance beyond the first crushing point, often

right down to the ambitus. Two genera may be cited, re-

presenting two widely divergent groups, which show an exactly

similar amhulacral structure. These are Pyrina, of the Echino-

neidfe, and Amblypygus, oi the Echinolampidse. It is hard to

believe that so peculiar a structure can have been evolved four

times independently.

Although there is no true phyllode-structure (nor appearance)

developed in the adoral parts of the ambulacra in any of the

Holectypoida, the nature of their plate-crushing inevitably

results in a "hypophyllodal" character (see Hawkins, 66) of that

region. It is not until Conulus is reached, however, that the

displacement of the plates drives the pore-pairs into a definitely

triserial order. In Pygaster the pores hardly deviate from a

straight line throughout the length of the ambulacrum, and no
regular displacement can be traced in the poriferous zones

of Holectypus. In Discoidea the pore-pairs become appreciably

triserial midway between the ambitus and the peristome, but

recover their linear arrangement before the peristome is reached.

In Comdus a triserial character appears practically at the ambitus,

and becomes more pronounced as the ambulacrum is traced

towards the mouth ; until, near the peristome, the triads are

inclined at an angle of 45 degrees to the direction of the radius.

The greatest difficulty that appears when an attempt is made
to trace a phylogenetic seqiience fi-om the Holectypoida to the
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Clypeastroida is the presence in the latter group of a few large

ambulacrals in theadoral parts of the area, with no signs of phite-

crusliing. Can a compound plate be i-esolved by evolution into

.
its constituent primaries, or is the simplicity of the Clypeastroid
ambulacral only apparent, being in leality the result of the
fusion of the components of a compound 2:)late, followed by the
atrophy of two of the three pore-pairs? Bather (59) has
expressed his belief in the possibility of the former process in his

discussion of the ambulacrals of Ortkopsis. In support of the
alternate suggestion it may be remarked that in the Clypeastroids
the pore-pair of each large pol3'gonal ambulacral is situated near
the adoral margin of the plate, leaving a high non-poriferous
region along the i-est of the adradial margin. Moreover, in tlie

case of Discoidea just cited, the triserial arrangement of the pore-

pairs is arrested soon after its inception, and the poriferous zones
again become straight. There seems to be no indication of

a corresponding reduction in the degree of compression of the
demi-plates towards the peristome, but rather an increase, until

the platelets become so minute that the small pore-pair can hardly
find room to pass through the test within its borders. The
presence of this feature of simplification in the sequence of the
pores, but not in the structure of the ambulacral plating, in

Discoidea seems especially significant ; for Discoidea is the nearest

ally of the Clypeastroids that is found among the Holectypoida.
However, I do not feel justified in expressing a positive opinion,

in one or the other direction, upon this question. Much must be
done in the study of the postlarval growth of the test in the
Clypeastroids before any proof of the origin of their ambulacral
structure can be expected.

E. The I n t era mb u lacra,

1. The Interamhidacral Plates.

The interambulacral are always much broader than the
ambulacral areas, and the proportionate width (about 3 : 1 at the

ambitus) is retained almost unchanged from Pygaster to Conulus.

Owing to the absence of expanded petals and phyllodes in

the ambulacra, there is no compression of the adapical or adoral

extremities of the interambulacra such as occurs in most of the

Irregular Echinoids. The areas increase regularly in width from
the margins of the genital plates to the ambitus, and decrease

as regularly, though more rapidly, from the ambitus to the
peristome.

In Holectypus depressus there are shallow pits on the transverse

sutures at points directly above the branchial slits. I know of

no evidence which could ascribe a function to such featui'es.

The interradial suture is usually only slightly zigzag in character,

and in some forms, notably among the Jurassic Holecliipi^ it is

practically straight, so that the plates become roughly rectangular
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in outline instead of being pentagonal. The plates of the adapical

surface are generally much broader than high, but on the adoral

surface this difference is lessened. In Holectypus sens, str., the

contrast in the height of the plates of the two surfaces results in

the presence of very few interambulacrals on the adoral surface.

In Pygaster the difference is not so strongly marked.
The only member of the group in which any striking difference

in the appearance of the interambulacral plates themselves occurs

is the peculiar genus Coptodisctis. Here, in a form otherwise

hai'dly to be distinguished from Ccenholectypus, all the margins

of the plates are bevelled, so as to leave deep grooves along the

sutures. This feature, which recalls the similar structures

in Goniocidaris and the Temnopleuridpe, is restricted to the

adapical surface. Whether it is a result, in this case, of a paucity

of carbonate of lime in the water, or of some physiological

peculiarity, it is impossible to judge. The feature seems to be

quite unique among the Irregular Echinoids.

2. The Primary Tuherdes.

In their structvire and proportions, the primary tubercles show
no more variety, when traced through the group, than do the

radioles that they support. The equality in size of those of the

adapical and adoral surfaces, which is marked in Pygaster^ becomes
gradually replaced by a tendency towards an increase in size of

the adoral tubercles, with a corresponding decrease of those of the

adapical surface. In Discoidea, especially in D. subuculus, the

reduction of the adapical tubercles has proceeded so far that they

can hardly be distinguished in size from their attendant miliaries.

Apart from a tendency in Conulus for the boss to become wholly

convex in side view, and so fill the scrobicule more completely

than do the partly concave sides of the boss in Pygaster, there are

no changes of importance to be traced in the actual structure of

the tubercles.

In the arrangement of the tuberculation more vai'iation is

found, and there becomes manifest a continual tendency towards

a progressive increase in its complexity. I have dealt with this

chai'acter (Hawkins, 67) in considerable detail, and give here

a summary of the results obtained in my recent paper.

As Saemann and DoUfuss (27) showed, the actual luimber

of tubercles present on each interambulacral plate depends largely

on the size, that is, on the age, of the individual. In all the

Holectypoida there is at least one plate, at each end of the half

interradius, which supports a single tubercle. This is obviously

a relic of the primitive, unitubereulate character of the plates

of the earlier Regular Echinoids. The number of such plates

remaining decreases steadily as the group is traced from the

Lower Jurassic to the Upper Cretaceous. The median seiies of

tubercles persists in an unbroken line from the apex to the

peristome, but, except in Pygaster, is not readily distinguishable
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from its iissooi:ites in point of size. Each tubercle in this median

series is phxce.l shohtly nearer the adoral than the adapical

transverse iiiari-in of the plate. All the otlier tubercles, of which

Text-fiij. 58.
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Diagram showing the third plate above the ambitus in A. Fygaster sens. str. •

B.Solectypus (hemisphcericus) ; CHolecti/pus (depressus) ; B. Discoidea ;

E. Gnleropi/gns ; F. Anorthopijgus ; G. Conuhis. Figs. H & K are side

views of primary tubercles in Fygaster and ConvJus respectively.

great numbers may occur in the later genera, are developed in

recognizably vertical series. When their number becomes great,

a natural tendency to slight irregularity appears, but this is never
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sufficient to mask the plan of the tuberculation. Irregularity

generally consists of either the suppression of a member of

a series on one plate (a feature often seen, even in the primary
row, in Echinus), or its replacement by two tubercles. The
Holectypoicia are peculiar among Irregular Echinoids in retaining

throughout life the unituberculate plates and the vertical arrange-

ment of the tubercles. Only the Echinoneidse show any similar

plan, and in them it is very much obscured by irregularity

of development. Some forms of Pygurus (e. g., P. blumenbachi)
have one or more unituberculate plates at the adapical extremities

of their interambulacra, but this retardation of development is

obviously due to the considerable narrowing of the plates caused

by the expansion of the ambulacral petals. However, most, if

not all, of the Irregular Echinoids whose post-larval development
has been studied, show a unituberculate stage. This is notably

the case in Echinolavipas (see Agassiz, 30).

The tubercles of the additional series which develop on the

interradial tracts are at first situated each in the middle line (in

a vertical sense) of the plates. This results in a transverse line

of tubercles extending between the main series and the inter-

radial suture. The concentric arrangement thus caused charac-

terizes Pygaster sens, lat., Holectypus sens, lat., and Discoidea.

It seems somewhat irregular in the case of Pileus, and is definitely

absent in Aiiorthopygus and Gomdus. In these two genera the

tubercle series of the interradial tracts appear near to the adapical

and adoral margins of the plates alternately, thus giving an
oblique arrangement (sloping interradially and adorally) to the

tubeicles in the complete interambulacrum. A similar arrange-

ment to this afiects the adradial tubercle-series in all the genera

of the group.

The oblique setting of the tubercles results in a much more
uniform and packed tuberculation over the whole area than
exists when the interradial series are transverse. The closeness

of the arrangement is increased by the doubling of many of the

tubercles in Conulus; so that, instead of two tubercles, three or

even four are concerned in the composition of the oblique line on
each plate. The complexity of arrangement, coupled with a

homogeneity of character, of the tubercles, which was thus slowly

obtained during the course of evolution of the Holectypoida, was
rapidly developed, and carried to a further degree, by the earliest

of the non-Holectypoid Echinoids. The species of Galeropygvs

from the Lias show typically the bewildering profusion of small

tubercles which characterize the interambulacra of all the

ISTucleolitidfe, " Cassidulidae," Clypeasti^oida, and early Spatangida?.

Only the Echinoneidae seem to preserve a C'o5i^tZ^6s-character in their

tuberculation, and in them it becomes so irregular as to be hardly

appreciable except in the newest formed plates.

The peculiar sunken supernumerary tubercle of some of the

adapical interambulacrals of Holectypus depressus from the Corn-

brash recently described (Hawkins, 67) is without a parallel
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among the otlier members of the order. Although suggesting a
comparison with the large interpetalous interambulacral tubercles
of such a genus as Eupatagus, it seems to be a specific character
of no genetic value.

3. 27ie Miliary Granules.

Tu r)jgaster, and to a less degree in II olectyj) us, the granulation
shows a " Regular " nffinity in being grouped around the primary-
tubercles to form scrobicular rings. This circul.-ir arrangement is

not retained after the Jui'assic period. In Ilolectypvs, especially
in //. dfpressKS, the scrobicular miliaries on the adradial tracts of
the plates near the peiistome are often guttate in form. In
Macropygns and Avorthopygus the large size of the scrobicules of
the primary tubercles leaves little room for miliaries, but those
which exist do not appreciably group themselves around the
primaries. In Discoidea and Cmnholectypits, and to a slight
degree in Ilolectypus sens, str., rows of granules radiate from the
central primary tubercle, maintaining a more or less transverse
direction, to reach the adradial and interradial margins of the
plate. In the genus first named these linear rows of granules
become interspersed, nenr the ambitus, with additional tubei'cles.

In Comd'us the granulation is apparently without a definite
.system of arrangement. The granules are sunk slightly below the
level of the test on the adapical surface, being enclosed in minute
pits. On the adoral surface they regain their projecting chai-acter,

and often occupy broad bands, slightly elevated, which correspond
in position with the transverse sutures of the plates.

F. The Radioles.

Our knowledge of the acanthology of the Holectypoids is

fnigmentarv and inadequate. Enough is known, however, to
show that there exists a considerable uniformity in the character
of the radioles throughout the group. Wright (20) has described

the primary radioles of Pygaster, in the species semisidcatus and
(Macropygns) morrisii. For both he uses almost the .same words

—

short, needle-shaped bodies with fine longitudinal lines on the .stem.

I have not seen any specimens in which they are preserved. In
the case of Ilolectypus there is a specimen of H. depressus (from
the Inferior Oolite of Cheltenham) in my collection which I'etains

a considerable number of radioles on both the adapical and adoral
surfaces. Wright {t. c.) describes them in the same species. The
primaries of the upper surface ai'e very shoit and slender, with
l>lunt tips. Those of the adoral surface were apparently quite

long, and but slightly tapering. The collars of the adoral radioles

are prominent, and often very oblique. The shafts of both sets

of radioles are longitudinally fluted with closely-.set ribs. The
miliary granules support spines of a similar character to the
adoral primaries, but far more minute, so that Wright's descrij)-

tion of them as " hair-like " is accurate.
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I have been unable to find any record of the preservation of

radioles in Discoidea. In Conulus the primaries are very much
like those of the adoral surface of Holectypus in shape and
ornament. The miliaries support curiously blunt prominences,

which are usually preserved in situ, but are very easily rubbed off

by too vigorous development of the specimen. These blunt spines

were figured by Forbes (14), who also gave a drawing of a cui-ious

body that he regarded as a pedicellaria. The characters of the

miliary spines suggest a comparison with the calcareous supports

of pedicellarije ; but if they all had this function, the number of

those organs would be extraordinarily great in proportion to the

radioles.

Nothing seems to be known as yet of the microstructure of the

radioles of any genera of the group, as Hesse (51) did not choose

an Holectypoid for his researches.

The slight progressive change traceable in the primary radioles

seems to lead merely to an increase in the length, and pei-haps in

the slenderness, of their shafts ; while, as would be expected from

the diflference in size of the tubercles on the two surfaces of the

test, the adoral radioles become proportionately longer than those

of the adapical surface.

G. Internal Buttresses.

The difference in form which makes so violent a contrast between

a Scutella and an Echinus must result in a corresponding difference

of resisting power against the pressure of the waves. As both

types of Echinoid may live between tide-marks, where the violence

of the waves is most felt, they both have the same forces to repeh

A spherical body such as that of an Echimis, or even a hemi-

spherical one, like that of an Holectypus, could easily ward ofi" the

blow of a breaking wave, in the same manner as a Patella does. But
a flat test, such as that of a ScutelHd, would offer a blank resistance

to the waves, and, if hollow, would almost certainly be crushed.

For this reason, the few groups of the Irregular Echinoids that

frequent the exposed littoral habitat so characteristically occupied

by the Regular forms, strengthen the resisting power of their

tests by the development of massive calcai'eous buttresses within.

Practically the only Irregular forms which live openly on the shore

at the present day are the Clypeastroida. It becomes, therefore,

a point of especial interest to find the beginnings of internal

supports to the test among the Holectypoida, which is the only

other gnathostomatous (and therefore rock-dwelling) order.

Although the development of the buttresses in the two groups

might easily be regarded as an illustration of similar adaptation

to similar environment alone, yet, in the light of the other less

obviously utilitarian features of the two groups, it seems in this

case that a genetic explanation exists as well.

On the internal mould of a Pygaster, and yet more in one of a

Pileus, besides the deep pits left by the prominences of the
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pRi'iguatluc gii'dle on the adoral sui-face, tliere are gvoove.s

(representing ridges in tlie test) that pass from the processes

alongside the ambulacra (but situated on the interambulacra) for

a short distance. The structure might be regarded as indicating

a gnidual rise of the inner surface of the test to form a keel which
culminates in the perignathic pi'ooess. As, among Regular
Ecihinoids, the perignathic girdle rises quite abruptly from the
inner surface, this gradual rise of the test towards the processes

shows a new feature, the beginning of the inner buttressing of

the test.

In Holectypus, as the name implies, a diagnostic feature of the
genus as first tentatively suggested by Desor (11) is the absence
of grooves in the internal moulds. Tiiis of course means the

absence of internal ridges passing radially outwards to a point

beyond the ambitus. An investigation of some siliceous moulds
of H. ? sarthacensis has shown me that, although there is nothing
in the interambulacra to compai-e with the strong " cloisons " of

the succeeding genus, there nevertheless exists a considerable

thickening of the adoral regions of those areas, even more than in

Pjjgaster. In Dlscoidea the first signs of a really efficient internal

buttressing appear. Down a line, rather to the adradial side of

each half-interradius, there passes a thickening of the test which
is rounded near the peristome and becomes oarinate further out,

and which extends beyond the ambitus. The jxirtitions do not
pass for any considerable distance up the adapical surface. The
perignathic girdle tends to lean against the adoral' ends of the
supports.

In Conulus no such well-marked buttresses appear, but the
interambulacral areas undergo a great amount of thickening
towards the peristome. Indeed, the perignathic girdle, which is

itself well developed, is often less internally elevated than the
interambulacral plates against which it reclines. The ambulacra
pass in sunken grooves across the adoral surface. In one specimen,
on cutting a section through the interambulacrum at a point just

outside the perignathic girdle, I found a large hollow to be included

between an inner and an outer wall of calcite. I have not been
able to verify the occurrence of this featui-e in other sections. It

may, therefore, have been an abnoinnality or the result of an
accident ; but if it should be found to be a genei'al tendency, or

even one of fairly frequent occurrence, it would be very significant

in the compaiisons that might be drawn between it and the double
flooring of the test of many of the higher Clypeastroida.

It is only in Discoidea that the buttresses are in such a freely

projecting condition that they could be expected, by a growth in

their height and an accompanying depression of the adapical

sui'face, to form complete vertical partitions in the test. As it is,

these ''cloisons'' of Discoidea are rather more strongly developed

than the corresponding structures of Ecliinocifcimus, which other-

wise they resemble very clasely. In fact, (Gregory (50), in renaming-

the " genus " ealled Echinites by Duncan (44), which included only
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the species Discoidea subucula, used the name Protocyamus " to

indicate the affinity of this Echinoid with the Echinocyamus
series." The name, on systematic grounds, must be abandoned,

but its significance remains.

In Conulus, but, so far as I am aware, in that genus only, a

definite " sand-canal," similar to that of Echinoco7-ys and the

Spatangidse, is well developed on the inner surface of the madre-
poric genital. In the same genus, in adult specimens, a double

row of hemispherical prominences occurs, partly encircling the

inner part of the test a little above the ambitus. Klinghardt (68)
has recently discussed the relation of these thickenings to the

course of the alimentary canal, for the mesenteries of which they
seem to have given attachment. He has compared the coui'se of

the gut thus indicated with that of several fossil and recent species

of Spatangidae. In the present state of our knowledge, however,
but little of importance can be ascertained of the comparative

anatomy of the soft parts of fossil Echinoids.

H. The Apical System.

Much of the systematic work that has been done on the Irregular

Echinoids has had as its basis the character of the apical system.

Notable cases Avhere this feature has been utilized for the purposes
of classification are the works of Gaudry (' Enchainement du Monde
animal ') and Pomel. From a purely morphological standpoint the

system has Keen carefully described by Loven (31). In the case

of the Holectypoida, and of some of the near allies of that group,

I have recently summarized the state of our knowledge of the
apical system (Hawkins, 70) in a paper that was definitely a
preliminary note to the present work. In consequence, only the

comparative aspect of the subject need be dealt with here, and for

the description of details that paper may be consulted.

The apical system is at first thoroughly disorganized in its

composition and structure by the passage of the periproct through
its cycle of plates. In Pygaster sens, str., the first stage of dis-

ruption is still visible. The posterior genital plate is entirely

absent, and the remaining four genitals are grouped in a roughly
semicircular order around the anterior edge of the periproct. The
madreporic genital is not much larger than the other three.

The oculars are small, and show no features of special importance.

From a broken and open condition such as that shov/n by Pygaster

sens, str., the processes of evolution wOrk along two definite

directions. The first aims at a restoration of a cyclic, or at least

of a compact, character in the system as a whole, and the second
is concerned with the infilling of the centre of the system (when
the cycle is regained) to replace the absent periproct.

In the reconstruction of the cycle of genital plates, the posterior

(fifth) genital is not necessarily resuscitated. In fact, a very
large number of the great groups of the Irregular Echinoids are

permanently without this plate. Anorthopygus shows the simplest
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comlition of the cycle-restoration on this plan. In that genus tlie

postero-lateral genitals close in, so as to bring the system to an

»i
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system. This great increase in the size and extent of the i-ight

anterior genital achieves two results. Firstly, the interior of the

apical system is filled by it (with the madreporite), and secondly,

the posterior margin of the system is completed by its extension.

The resulting structure is an apical system of the ethmolysian

type (see Gregory, 50). The great importance of this character

in Anorthopygus becomes evident when it is realized that such a

system is found only in it and in a section of the Spatangidse. It

may be stated at once that the method of infilling of the centre

of the system shown in this genus is characteristic of all those

Holectypoida in which the apical plates regain a genuinely cyclic

arrangement.
The second method whereby the system is rendered compact,

without the redevelopment of the posterior genital plate, is shown
by Conuhhs. Here the two postei'ior oculars become greatly

increased in size, and meet along the posterior margin of the

system. The postero-lateral genitals undergo a similar transverse

extension to a greater or less degree, and meet above them. The
madreporic genital, although large and partly occupying the centre,

is in this way separated from the posterior region of the system.

A slight an tero-posterior lengthening of the whole system usually

accompanies this method of development, and, in a simple sequence

indicated in myrecent paper, the markedly elongate apical systems

of a Pyrina and a Holaster can be readily derived. The Comdus-
plan is characteristic of the apical systems of many Jurassic

Nucleolitidae, although it is not the only type developed in that

complex series of forms.

Of the type of apical system in which the fifth genital is re-

developed (or perhaps replaced by a new but similar plate),

Pygaster [Megapygus) shows the first stage. Here one small plate,

perhaps more, imperforate and in all probability flexibl)'^ united to

the others, makes its appearance at the adapical extremity of the

periproct. It seems probable that this new genital plate is a

specialized member of the anal series which has become in-

corporated into the apical system. In Megapygus it is always

small and imperforate. The next stage in recovery is seen in

Holectypus sens. str. In this genus the fifth genital is present as

a recognizable unit of the genital cycle. It is always smaller

than its four associates, however ; and of these, the madreporic

genital is very large, occupying all the central part of the system.

The posterior genital is still imperforate. In the succeeding series

of forms {Cmnholectypus) the relations of the genital plates are

similar to those in the earlier subgenus ; but a genital pore,

quite as large as those of the other plates, passes through the

posterior genital. Co&nholectypus shows, then, the perfect re-

storation of the apical system. All five genital glands will have

been functional, each with a separate pore ; while the centre

of the apical system is filled by the madreporite, situated, as

usual, entirely on the right anterior genital plate.

The apical system of Discoidea is particularly interesting. The
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fifth genital becomes practically indisting-uisliable, in point of size,

from the others of the cycle, even the right anterior plate

being much reduced from its condition in Ilolectypus. The pos-

terior plate may or may not be perforated, this irregularity

affording in itself ample proof of the plastic condition (in a
variational sense) of the genus. The madreporite, instead of

being restricted to the right anterior genital, is more or less

uniformly distributed over all five of these plates in some species,

a feature never found in the preceding genen). (In the case of

an otherwise abnormal Conulus albogalertts, a similar development
exists : see Hawkins, 70.) The oculars have dwindled considerably

in proportional size.

The chief interest of this peculiar structure is seen when a
comparison is made between the apical systems of Discoklea and
Clypeaster. In the latter genus the madrepoi'ite is central

and prominent, but it is quite impossible to distinguish the
sutures of the genital plates, at least in adult forms. The
oculars are minute. Discoidea, then, shows the pi-eliminar}'

stages of the assimilation of the genitals —a phenomenon that is

preparatory to their coalescence and fusion in the Clypeastroida.

Y. The Internal Evolution of the Order.

1 . F e a t u 1- e s of P h y 1 o g e n e t i c I mp o i- 1 a n c e.

In pala}ontological attempts to trace a phylogenetic sequence
through any series of organisms, the first and essential feature to

be considered is the order in time in which the various forms
appear. Most of the serious errors that have marred the value

of some past work in this direction have resulted from an insufficient

I'eliance on the stratigrnphical i-elations of the genei-a considered.

It is true that our knowledge of the occui-rence of fossils at vai'ious

hoi'izons is very inadequate : it is only necessaiy to consider the

number of cases where a gap exists in the sequence of forms that

are known to occur in widely separated hoiizons, to I'ealize this

incompleteness of our knowledge. But it seems a fair postulate

to assume that the order in which various genei-a make their

appearance is approximately the true sequence of their evolution.

Especially is this the case in the Holectypoida. Not only are

they, in common with most Echinoidea, eminently adapted for

preservation in suitable deposits, but the periods of their exist-

ence, the Jurassic and the Cretaceous, were times wlien, at least

in this country, the conditions of deposition were exceptionally

favoural)le for the preservation of organic remains. In the scheme
of evolution put forward below, no apparent relationship has been

accepted unless the stratigraphical evidence confirmed it.

A second great principle from which reliable evidence of genetic

affinity call be deduced is that of Ontogeny. Here, unfortunately,

our knowledge of the Holectypoida is meagre. In the Echinoidea

generally the process of recapitulation is always very much obscured

Proc. Zool. Sue—1912, No. XXXI. 31
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by tlie existence of a free-swimming larval stage. Of post-larval

changes in the Class but little is known. Agassiz (30), in the

Revision, summarized the state of knowledge of the "young stages

of Echini,''' and but little has been axlded since that date, at least

in the case of the Irregularia. Ontogenetic characters are always

difficult to observe and to appreciate among fossil forms, and far

more zonal collecting of young stages of the Jurassic and Cretaceous

Echinoids will be necessary before this line of evidence can be used

for their correlation.

Some slight details are available at present, such as the Ilemi-

pedina-\)h&se of Pygaster semisulcatus and the young stages of

Conulus with an adapical periproct. (Valette, 69, has described

a young specimen of C. suhconicus in which the periproct is

already in the adult position, although the individual has a dia-

meter of only 10 mm.). Unlike the Mollusca and Brachiopoda,

the Echinoidea do not retain the first-formed portions of the test

throughout life ; so that, although new parts are continually being

developed, the acceleration by which these new portions assume

adult characters almost nullifies any recapitulatory featui-es they

may possess. In the matter of the interambulacral tuberculation,

which at first seems a promising structure for ontogenetic study,

this feature of acceleration renders the characters of the new plates

practically worthless.

In addition to their sequence in time, it is therefore necessary

to consider the adult characters of each genus separately. The
features of an adult are divisible into two kinds. The first group

is that of adaptation to circumstances ; and the characters due to

this tendency, though interesting from other standpoints, have

little phylogenetic meaning. The second group of characters are

those which are unaffected, or are not necessarily affected, by the

surroundings of the oiganism, and which must in consequence owe

any peculiarities they possess to the line of evolution of the group

to which the individual belongs. Such features, which include

atavistic and vestigial structures, are of first-rate importance for

showing the phylogeny of a group. In the Echinoidea, the cha-

racters that would fall into the fii'st category would be those

directly concerned with assimilation, respiration, reproduction,

and locomotion. The characters of the second type would consist

of apparently trifling variations in the ornament or structure of

the test —variations of such a kind as not to afiect the vital

processes to any serious degree, nor be affected by them. Such

characters are the details of the plating of the ambulacra and the

variations, within certain limits, in the structure of the apical

system. These two characters are regarded as essential indices

of relationship in the present paper.

There is, however, in the investigation of an extinct, annectant

group like the Holectypoida, an additional principle of evolution

that gives safe guidance. The two extremes of structure —those

of a Cidarid and of a Spatangid —are known. Generally speaking,

the Holectypoida should show a gradual tendency, in the course
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of their evolution, to depart from the characters of a Cidarid, and
to approximate to those of the Irregular types. A recognition of
this direction of evolution in the group renders the interpretation
of the various sti'uctures more intelligible by including them all

in one coherent scheme. A complete reliance on this principle

would probably result in a misinterpretation of degenerate or
retarded development, so that the trend of evolution must be
considered in direct connection with stratigraphical evidence.

To sum up, the chai-acters used here as indices of phylogenetic
development ai"e of two kinds. One series is available for tracing

the evolution of the group as a whole. Such features are (i.) the
gradual loss of masticatory structures and of pei-istomial Ijranchiie,

(ii.) the backward movement of the periproct, (iii.) the loss of

radial symmetry, and (iv.) the increase in density, and decrease

in coarseness, of the tuberculation. The other series is used to

indicate the intimate relations of the individual genera of the
group. These features are (i.) the plating structure of the am-
bulacral areas, (ii.) the composition of the apical system, and
(iii.) the stratigraphical sequence.

2. The Origin of the Group.

The oldest known member of the Holectypoida is Pygaster

reynesi, which occurs in the Middle Lias of Fi-ance. it will

therefore be necessary to look for the ancestor of this typically

Holectypoid form among the Regular Echinoids of the Liassic

or Triassic periods. It is unfoi'tunate that the origin of the

group should date from these periods, for, unlike the purer waters

of the Oolitic seas, the muddy shore-lines of the Liassic ocean,

and the saturated lagoons of the Triassic coiul-i'eefs, were un-

favoui'able to the free development, as well as to the ultimate

preservation, of Echinoids. Howevei", it is significant to find

that the earliest Irregular Echinoid appeared so soon after the

first stage of differentiation had begun among the Regular orders.

Its inception thus seems to have been an effect of that luirest in

structure and habit that usually accompanies profound changes

in the course of the evolution of a Class.

The Liassic Regular Echinoidea seem to belong to two orders

only, the Cidaroida and the Diademoida. The former group had
become more or less stereotj'ped in character during the Permian
and Triassic periods, having been, as Bather (59) indicates, the

only surviving member of the varied Pala-ozoic types. The
Diademoida, as the same author has shown {t. c), were beginning

to assume the typical features of the order in Ti-iassic times, but

still retained features, such as a primary character of the am-
bulacral plates in the greater part of the area, and. a shallowness

of the branchial clefts, which are reminiscent of their Cidaroid

ancestry.

From the Lias a considerable number of primitive Diademoida

are known, and they have been recently studied by Lambert (52),
31*
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Tornquist (57), aiid Bather (59). A great part of their ambulacra

is still built of primaries, which show no signs of their subse-

quent modification except in the arrangement of the primaiy

tubercles, one to each group of three ambulacrals. A large

number of these Liassic forms are grouped under the generic

names of Biademopsis and Hemipedina. These genera and their

Diademoid allies have been so exhaustively studied by Bather

{t. c.) that no detailed discussion of their characters or affinities

is necessary here. One of the most obvious features which
separate these early Diademoids from their descendants is the

structui-e of the perignathic girdle. The processes, although well

developed, are rendered quite inconspicuous by the considerable

elevation of the ridges. The latter structures are, of course, a

relic of Cidarid characters. This shows that the change from an
interradial to a radial position for the perignathic prominences

was a gradual one. The view that the increasing complexity of

ambulacral structure is connected with the growth of the peri-

gnathic processes, whicli hinder the passage of the ambulacrals on

to the peristomial membrane, is supported by Bather (i. c.) on
this evidence.

There are, then, two orders of Echinoidea from which, on
stratigraphical evidence alone, the Holectypoida may have been

evolved. Of these orders, the Cidaroida were well established,

with their special structures stereotyped, before there is any
evidence of the existence of Irregular Echinoids. This fact alone

would seem to render unlikely any hypothesis which regarded the

early Cidarid* as directly ancestral to the Holectypoida.

When consideration is taken of the essential features of a

Pygaster, a notable correspondence between them and the

structures of the early Diademoida becomes apparent. The
ambulacra are chiefly composed of primaries (with a triple ar-

rangement of tubercles), and towards the peristome a partial

compression of the plates into triads is seen. Triad formation,

in the same part of the ambulacra, is characteristic of all the early

Diademoids, and is one of the diagnostic features of the whole

order. The perignathic girdle of Pygaster shows well-developed

processes, but hardly appreciable ridges. This character, the

absolute antithesis to that of the Cidarida?, is known to have been

gradually attained by the Diademoids through their Triassic and
Liassic representatives. Again, the apical system of Hemipedina
often shows a prolongation backwards into the posterior inter-

ambulacrum.
Most significant of all is the indication of affinity between the

two orders by the slight ontogenetic evidence already available.

In discussing the affinities of Hemipedina bonei, Wright (20)

admitted that he was uncertain as to the true generic relations

of the species. He was at one time inclined to class it with

Pygaster. Bather (59) has referred to this species, and is of the

opinion that H. bonei, if it is not a Hemip>edina, should be asso-

ciated with Pygaster. The species is a small one, and the shape
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of the scar left by the apical system indicates a considerable b;ick-

Wiird prolongation of tluit structure. I have before nie a series

of ten specimens from the Pea Grit of Crickley Hill (near Chel-

tenham), which are presiuiiably the young of Pyyaster semisulcatus ;

but I am unable to find any sa,tisfactory distinctions between
them and the type of //. bo/iei. If there is any appreciable

ditlei'ence, it consists in the fact that the perij)roct does not

project so far into the posterior interambulacrum in the Pyyasters

as does the " scar of the apical disc " in the Hemipedina. It

seems hardly possible that, so early in the history of both orders,

heterogenetic homoeomorpiiy could have reached such a degiee of

perfection, and I am thei-efore strongly of the opinion that
" llemi'pedina " honei is a Fijyaster, and almost certainly a young
form of /*. semisulcatus.

It thus seems established that Pi/gaster is intimately related to

.some primitive, probably Liassic, Diademoid. It is impracticable,

in the present state of our knowledge, to search for the actual

(jeneric ancestor ; but if the choice were to lie between J)imh-

inopsis and Hemijiediaa, 'the former would seem to possess the

stronger claim to recognition. As defined by Lambert (52),

Diademopsis is distingnihhed from Ilemipediiia by the presence

of pronounced secondary tubercles in the interambulacra.

Bather (59) has shown that the distinction is not so absolute as

Lambert's diagnosis would suggest, but the fact remains that,

among the earlier species of the genei'a, there is a more strongly

developed tendency to a mnltituberculate character in JJia-

demopsis. As P)/<juster is also a multitul)erculate form, the

alliance with I)iademoj)sis would seem natural, but I do not feel

justified in expressing a positive opinion on the matter, lieyond

the statement that the immediate ancestor of the Holectypoida

inust surely have been a ],)iademoid.

3. The Pygasteridse and Connlida^.

The three subgenera of Pygaster sens. lat. mark three stages

in the evolution of that genus. Pygaster sens. str. is undoubtedly

the most primitive type. Megapygus shows an advance in two

directions. The periproct is undergoing a change of shape pre-

liminary to its actual separation fi'om the apical system, and the

tuberculation is a.ssuming slight irregularity of arrangement.

IJoth these features point towards " Irregnlai'ity." Macropyg^is,

Avhich appeared at abont the same horizon as Megapygus, shows a

similar character in its periproct, but the tubei'Cidation, instead

of becoming superficial and irregular, shows a deepening of the

scrobicules, and a corresponding reduction of the miliary surface.

The distinction from the Meyapygus vmhreUa group is not veiy

gi-eat in appearance, but seems impoitant in its results. I regard

the two subgenera as parallel lines springing from the common
ancestor Pygaster sens. str.

Pileus is undoubtedly a short-lived offshoot from the Pygaster-
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stock, for the anomalous biserial ambulacra are unlike any other

genera of the order. The periproct position shows an advance on

the 3Iega/pygus-condition, and, owing to certain irregularities of

the tuberculation, I am inclined to regard Piletts as a side-branch

of that line. Anorthopygus, which in the classification I have

associated with Fileus, seems to show a course of evolution

parallel with, althovigh in many ways differing from, that of the

aberrant genus. The oblique position of the periproct does not

appear to be an important character, although pecviliar. The
tuberculation is definitely like that of Macropygus in structure,

though not in arrangment, and therefore I have regarded it as an

offshoot from that svibgenus in Lower Cretaceous times, which

corresponded with the similar offshoot from the Megapygus-line

in the Upper Jui'assic.

At about the same horizon in which Anorthopygus occurs,

Conulus appears. The earlier species seem very difficult to dis-

tinguish from those of Pyrina with which they may be strati-

graphically associated. In the matter of the tuberculation the

adoral surface of Conulus shows much the same characters as the

whole test of Anorthopygics. Moreover, the arrangement of the

tubercles is similar in both genera. The periproct has passed to

the posterior edge of the test, although in many young specimens

of G. suhrotund'us (some of which are almost globular), the aper-

ture is on the adoral surface quite near to the apex. The feature

which marks oflf Conulus so sharply from the Pygasteridje is the

accelerated condition of the ambulacral plate- crushing. There

is no appreciable tendency to increase the number of demi-plates

in the Pygasteridfe, from the few adorally situated ones, which

were probably directly inherited from the Diademoid ancestor.

However, in many other features Conulus shows almost equal

acceleration. "When the Upper Chalk is reached, the genus

disappears suddenly after a short existence, during which few

important specific modifications were evolved. Its relations to

the Pyga^teridfB are not very easy to decide, but, on the character

of the tuberculation, I have connected it with the Anorthopygus-

line. An additional link between the genera is afibrded by the

structure of the apical system, the fifth genital plate being per-

manently absent from both.

4. The DiscoidiidiJe.

Holectypus sens. str. appears in the Inferior Oolite in asso-

ciation with Pygaster sens. str. It is only in the position of the

periproct that considerable acceleiation is shown, but the dif-

ferentiation of the characters of the tubercles on the upper and

lower surfaces of the test is also a feature of advance. The
Holectypinse are a perfectly homogeneous group, and must be

regarded as an unbroken series. Coptodiscits is apparently a

peculiarly specialized offshoot from Co&nliolectypus^ and the

suturing of the adapical surface may perhaps be ascribed to
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gerontic degeneration of armour (see Oswald, 61). Latueruc is

also allied to Cmihnlectypns, but, unlike most of the Holectypinse,

is almost globular in shape. The position of Discholectj/pus is

more difficult to determine. In every obvious feature it is a true

Holectypine, but it shows an arabulacral structure closely resem-

bling that of Conidas. The absolute contrasts of tuberculation,

periproct-position, apical structure, and general form which

a.j)pear wlien Discholectypus and Conidus are compared, preclude

any possibility of a genetic connection between the genera.

jyischolectyjms would seem, therefore, to be a branch of the

//olpctijpiis-Mne, which developed complex ambulacral plating by

a process of acceleration. This parallelism of development

(heterogenetic homfeomorphy) of a feature in two distinct genera

is rendered particularly interesting by the correspondence in tmie

at which the specialization took place.
^

There can he no doubt as to the close relationship wlucn exists

between Discoidea and HoUctypus. On stratigraphical evidence,

and also because of the variable nature of the apical system (in

the matter of the perforation of the posterior genital plate), I

have considered the Discoidiinse as descendants of Uolectypus

sens, str., whose appearance coincided in time with the modi-

fication of the parent stock into Ccenholectypus.

5. S u mma r y of Internal E v o 1 u t i o n.

The Holectypoida originated from a Diademoid ancestor in the

Triassic or early Liassic periods, and subsequently developed along

two definite lines. In one line (Pygasteridjy and Conulidie) the

apical system never fully regained, and finally lost, the posterior

genital plate, while the whole system tended to become elongated ;

the tuberculation gradually became uniformly distributed over

the interambulacra, and irregular in its arrangement ;
the shape

of the test showed various departures from radial symmetry
;

and

the jaw-structures dwindled and ultimately almost disappeared in

adults. In the other line (the Discoidiida^), the fifth genital plate

was early redeveloped, and later regained its function, while the

system as a whole became circular in shape ; the tuberculation

retained its regularity of arrangement, but became insignificant

adapically and'coarse adorally ; the shape of the test eventually

regained a radial symmetry ; and the jaws, though modified,

showed little or no decrease in power.

VI. The External Affinities of the Order.

The primitive character of the early Holectypoida (in an

Irregular sense) is so pronounced that it would naturally be

expected that the group existed for some time before any of the

more elaborate forms were evolved, and that these appeared at

subsequent intervals as offshoots from the Ilolectypoid stock.

Such, however, was not quite the case. The Holectypoids are
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merely a retarded series of Irregular Echinoids, and some of the

orders of that subclass early became difierentiated from the

Pygasteridte by a relatively accelerated evolution. It is becoming

increasingly manifest that large groups of organisms, such as the

Irregular'^Echinoids, are not often homogenetic in the strict sense

of the word. When a series of forms that have been regarded as

belonging to an individual genus can be shown (as Beecher and

others have proved for some Brachiopoda) to pass through widely

divergent lines of ontogenetic (and therefore phylogenetic)

development, the problem of the evolution of a class or subclass

must be considered more complex still. Indeed, at first sight, it

would seem that, without the evidence of Ontogeny, no reliable

clue to genetic relationship can be deduced from even the most

accurate correspondence of adult characters.

Stratigraphical palaeontology, however, shows a kind of extended

ontogeny which, although fragmentary, is infallible so far as it

can be understood. The same phenomena which complicate the

study of recapitulation in recent species are as widely developed

among the families and orders of past periods. Acceleration and

retardation, adaptation and degeneration, tend to obscure the true

sequence of genetic affinity to such a degree that, in the present

state of knowledge, only the bare outlines of the evolution of the

larger groups can be indicated.

In this section of the paper, an attempt is made to show the

affinities (with persistent regard to stratigraphical relations)

which appear to link certain genera of the Holectypoida with

those of other orders. Little account is taken of the subsequent

changes which may have been developed in these other groups,

and no opinion is expressed as to their absolutely homogenetic

characters. The name of a fairly primitive member of each main

group is inserted in the diagram (text-fig. 60, p. 493) in its true

stratigraphical position, and by a thin vertical line each of these

names is connected with that of a characteristic genus now
living, which is usually regarded as belonging to the same group.

1. P yg aster and Galer op ygtfjS.

Galeropygus a,ppears in the Upper Lias with at least two

species, one of which {G. dumortieri Paris) is British. The genus

is thus contemporaneous with Pygaster sens. str. Gregory (50),

probably on account of its obviously primitive characters, included

it among his Pygasterida;, although in almost every feature it

ofiers a violent contrast to the diagnosis of that family. Practi-

cally the only diagnostic character in which it resembles an

Holectypoid is the apetaloid nature of its ambulacra. A feature

which would tend to connect it with some of the later Pygasters

(e. g., Macropygus trimcaUis) is the shape of the test, which is

commonly rather broader than long. The deep anal sulcus finds

a shallow counterpart in the posterior interradius of Pygaster

semisulcatus, but I have indicated above (p. 465) that this sulcus
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is probably due to the presence of the periproct near the apex,

and has, in consequence, little direct phylogenetic meaning.

Galeropijgns may be regarded as dittering from Fyyaster sens,

str. by a marked acceleration in the characters of its tuberculation

and peristome. The former feature is already in the uniform

condition, no definite order of appearance being traceable for

individual tubercle series. The peristome is quite small, and

slightly excentric anteriorly, with no visible adaptation for jaws.

I regard the genus as a primitive member of the ^>acleolites-gvon\i,

with all the characters of that group except the subpetaloid

ambulacra. As there is a marked tendency to develop this

feature even among the Holectypoida, it seems that its production

in the descendants of Galeropygas could be naturally postulated.

Owing to the stratigraphical appearance of Galeroj^yyus, 1 should

consider it an offshoot from the Diademoida that hardly, if at all,

progressed along the Holectypoid line of descent before developing

t^triking acceleration in all its characters except the periproct and

the ambulacra. It is interesting to find that the position of the

periproct remained more or less constantly primitive in the

majority of the Jurassic descendants of Galeropi/gus (e. g., Echino-

brissus and Clupens), although the ambulacra early began to show

elaboration. In the periproct feature, indeed, the Pygasteridae

show a greater acceleration than the Nucleolitida?, although the

Holectypoida, are, in most characters, a retarded group.

Even if the afiinity between Galeropygas and Pygaster were to

be proved to be less close than I have indicated in the diagram,

the characters of the ambulacral plating would show that it was

derived, directly or indirectly, from a Diademoid ancestor. As

I interpret the relations of the genera at present, Galeropygus and

Pygaster stand together at the root of all the Irregular Echinoids,

in structure as well as in stratigraphical position. The subsequent

modifications of the Gahropygiis stock I have briefly outlined in

a recent paper (Hawkins, 66), and I hope to amplify that re-

adjustment of the classification of the " Cassidulida) " at some

future time.

2. Pygaster, Co mil us, and the E c h i n o n e i d a?.

Since its first recognition by Desmoulins (4), the genus I'yrina

has been the occasion of great confusion. The extraordinary

similarities that appear when it is compared with Conulus make

the generic position of species ascribed to them more ditficult to

determine than their specific distinctions. Such a form as

P. desmouUnsi, with its elongated ovoid ambitus, is easily dis-

tinguishable from a Conulus, the species of which are almost,

though rarely quite, circular in outline. To restrict the genus

Pyrlna to such elongated forms would, however, result in a very

unnatural grouping of the species, and, unless details of the

anatomy can be traced, the distinction of a I'oughly circular

Pyrina from a Connlns becomes almost impossible. Theoretically
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a Conul'us should possess vestiges of jaws, and a peculiar type of

perignathic girdle; but jaws are very rarely preserved in fossil

Echinoids, and Pyrina has a somewhat similar series of structures

around the peristome. The similarities between the two genei-a

include the shape (generally), the oblique peristome, the position

and shape of the periproct, the structure and arrangement of

the tubercles, the ambulacral plating, and the composition of the

apical system. Added to these there would probably be the

presence of vestigial jaws in young individuals of Pyrina, since

these structures have been found in a small specimen of the moi'e

highly specialized Echinoneus. An additional difficulty in the

separation of species belonging to the two genera results from the

fact that both were evolved at about the same time, and flourished

side by side during the Cretaceous period.

So many correspondences in important structures cannot point

otherwise than to a close genetic affinity between Pyrina and
Conulus, and the only feature that can be considered to exclude

the former genus fi'om the Holectypoida is the absence of jaws in

the adult state. The presence of these organs in young specimens

cannot be considered sufficient evidence for the inclusion of

Pyrina in the order ; for, if vestigial characters are taken into

account in classification, by analogy the Mammalia, by reason of

their embryonic gills, would have to be classed with the Pisces.

The earliest members of the Echinoneidse, such as NucleojyygvjS,

have the peiiproct in a supra-marginal position similar to that of

Anorihofygus. As Loven (36) has shown, a gradual migration of

the periproct takes place in this family along an exactly parallel

line to that passed through in the Holectypoida, until in Echinoneus

the anus is in a position similar to that of Discoidea. The features

of Desorella are so little known that it is unsafe to ascribe

a definite systematic position to it, and it has been ignored for the

purposes of the present work. I have regarded the Echinoneidse

as offshoots from Pygaster [Afact'opygus) in Upper Jurassic times,

which for some distance followed the AnortJiopygus branch, and
left it simultaneously with the Conulidee. They were at first

distinguished from that family by the accelerated degeneration

of their jaw-structures.

3. AnortJiopygus and the Spatangidse.

The earliest members of the Spatangidce proper appear in the

Lower Cretaceous. They are not very clearly distinguishable

from some other groups, especially from the Echinocorythidfe.

The structure of the apical system is, however, difi'erent in these

two families. The system of the Echinocorythidse is elongate, and
has been compared with that of the Collyritidae. (I have recently

shown (Hawkins, 70) that this structui-e could easily be evolved

from the Conulid type by acceleration.) The Spatangidse have

a compact apical system, which often nearly resembles that of the

Conulidfe, but is sometimes ethmolysian —that is, with the
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madreporic genital extending liglit through the system to occupy
some part of the posterior border.' In every case the liftli

genital is absent, and this feature alone serves to distinguish

a 8patangid from the great majoi'ity of the " Cassidulidaj." At
lii'st sight there do not seem to be many points of resemblance
l)et\veen Anorthopygus and the Spatangidie. However, the
stratigraphical appearance of the two types is the same, and,
in the structure of the apical system, Anorthoi>ygus shows an
ethmolysian character in both the known species. No types of

Echinoids other than Anorthopygus and some Spatangids have
this feature. The position of the periproct in the Holectypoid
genus is about midway between the apex and the ambitus, and
the same character holds in almost all the Spatangidje. In
several small specimens of A. orbicularis that 1 have steii there

is an appreciable increase in the declivity of the test behind the
periproct, and I regard this as a rudimentary posterior surface,

Tlie plating of the periproct-membrane also shows some similarity

in the two groups.

The evidence for their genetic affinity is very slight, but I have
ventured to connect the Spatangida; with the Anorthopygus line

of descent on account of the apical structure and stratigraphical

correspondence.

4. Conulus and A mhl yj}y gus.

Amhlypygns is a Tertiary Echinolampid (Duncan (44) classed it

as an Echinoneid) whose characters are best known from the
descriptions of Indian species given by Duncan and tSladen (39).
The shape of the test, the obliquity of the peristome, and more
especially the structure of the ambulacra, all show features of
similarity with those of the Conulidse. The ambulacra are sub-
petaloid adapically in Amhlypygvs (a mai-ked contrast to all the
Echinoneida?), but in that region, as much as on the adoral
surface, the inclusion of one demiplate between two primai-ies

is i-egularly shown. It is difficult to imagine that this peculiar
structure could be evolved independently in heterogenetic
genera. The only other form with which Amhlypygns could
be associated by reason of tins structure is Uisc/wlectypus, but,
apart from the contrasts which the two genera sliow in other
respects, the stratigraphical sequence is not favourable. As
Amhlypygus is a veiy primitive type, and one of the oldest
known genera, of the Ecliinolampidse, I have separated that
family from the other " Cassidulida?," and derived it from the
Conulid stock. The later members of the family seem to have
reduced their ambulacral structure to a condition of simple
primaries ; a process that, outside the order of the Holectypoida
seems to have been the usual one adopted.

5. Conulus and Conulojysis.

A group of Upper Cretaceous Echinoids, which was formerly
classed with " Galerites" was separated from that genus bv
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Desor (21) tinder the name of " JEchmoconus." " Gcderites
"

roemeri d'Orb., on which the genus was founded, seems to be

congeneric with the " Echinoconus abbreviatus " and " orhignyanus"

of the Upper Chalk of Norfolk. The differences betw^een these

species and a typical Conuhos are manifold, and, as the name
Echinoconus cannot be retained for them, I have distingviished

them as Gonulopsis. The tuberculr.tion of Conulopsis is irregular,

and the tubercles of the adapicai surface have deeply sunken
scrobicules. The ambulacra are composed of primaries through-

out, the adapicai pore-pairs being almost subpetaloid ; while

round the peristome the interambulacra are raised into definite

" bourrelets." The general facies of Conulopsis is similar to

that of Caratomus (the latest discussion of this genus being by
Schlueter, 54). It is possible, however, that some real genetic

relation may exist between the later Conuli and Conulopsis, and
that the resemblance of the latter genus to Caratomus may be

deceptive. Even if Conulopsis is a descendant of Conulus, it

is certainly not an Holectypoid. It Avould show a development
which wovild have a peculiar interest when coanpared with the

development of Conoclypeus from. Discoidea. The same loss of

regularity in the tuberculation is seen, and the ambulacral plates

have become restored to their primary state. (The large polygonal

ambulacrals of the adoral surface of Comdopsis are strikingly

similar to those of a Clypeaster or of a Spatangid.) The develop-

ment of a subpetaloid character in the adapicai parts of the
ambulacra would be comparable in the two genera, while a

similar correspondence is shown in the peristomial " bourrelets."

Only the position of the periproct (almost marginal in Comdopsis),

and the presence of strong jaws in Conoclypeus, would tend

to sepai'ate the two genera. These last features would be
definitely due to the characters of the ancestor, Conulopsis

agreeing in them with Conulus, and Conoclypeus with Discoidea.

Comdopsis and Conoclypeus would then mark parallel accelera-

tions from diflferent branches of the Holectypoid stock. At
present, however, I do not feel satisfied that the genetic connection

between Comdus and Conulopsis exists, but I have connected the
two by a broken line in the table.

6. Discoidea and the Clypeastroida.

The similarities of structure that link the Discoidiinte with
the Clypeastroida are many and of fundamental importance. A
circular outline ; an invaginated peristome ; an infra-marginal

periproct ; a madreporite scattered over five genitals, all of which
may be perforated by a genital pore ; and internal buttresses to

the test : are common to most genera of the Clypeastroids, and
are diagnostic features in Discoidea. The jaws in this genus
are strong, in view of its late appearance among the Holectypoida,
and, although conforming more to the " Regular" than to the
Clypeastroid type, may well have assumed a more expanded
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shfipe when the height of tlie test diminished. The ambulacra

in all (Jlypeastroids "are either petaloid or subpetaloid, but Cono-

ch/pens, from the Upper Cretaceous, serves to link the simple

Text-fiir. GO.

Phvlo<^eiietic talilo of tlie Holectypoida and tlieir allies. Names of Holcctypnid
' Vi'wa are connected by thick lines, those of other orders by thni lines. JNo

details are inserted in p-oups other than the Holectypoida, the names in tlie

external groups beins: those of the earliest-known genus that has been

Ratisfactorily described. Short, thick, horizontal lines above names indicate

that the genera became extinct at that horizon, and left no direct descendants.

ambulacral pores of Discoklea with the more elaborate structures

of the later genera. Perhaps, if the jaw-structures of Cono-

clypeus were to be discovered in a more perfect condition than
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those described by de Loriol (35), they also would show an
intermediate character. The presence of " bourrelets " round
the peristome in this genus are the only features that seem
antagonistic to its being regarded as ancestral to the Chjpca-ster-

series.

The similarity between the small species of Dlscoidea and
Echiiiocyam.us caused Gregory (50), when revising the unnecessary
generic division of " Echinites " made by Duncan (44), to propose

the name Frotocyamus. The name is inadmissible on systematic

grounds, but would be morphologically appropriate. Echino-
cjjamus occurs first in the Upper Cretaceous, and has developed
bat few changes in structure from that time to the present day.

H. L. Clark (64) has recently suggested that the characters of

Echinocyamus are not primitive, but rather degenerate. On the
stratigraphical evidence I incline to regard them as truly

primitive, and to have retained ancestral traits by the retardation

of development consequent on their small size.

Echinocyamus (of the Fibulariidse) was then directly evolved

from the smaller (typical) Discoidece, while Conoclypeits (of the

Clypeastridse) appeai-ed at the same period as a descendant of

(probably) the larger species of Dlscoidea (the " Pithodia " of

Pomel, 37). The former group underwent little change in

subsequent periods, but the latter became i-apidly differentiated

into the numerous and complex types that characterize the

other families of the Olypeastroida.

VII. Summary.

The Holectypoida are i-estored to the rank of an order of

the Echinoidea Irregularia. A classification, somewhat modified

from that proposed by Gregory (50), is given, and revised

diagnoses of the families, subfamilies, and genera are drawn up.

A comparative study of the morphology of the skeletal structures

of typical genera of the group is given ; and, in the light of the

results of this study, the course of evolution both within and
beyond the limits of the order is indicated.

The Holectypoida are regarded as an annectant group of the

Irregular Echinoids, whose characters retain a considera.ble

uniformity owing to a persistent retardation of evolution. At
various periods ofltshoots from the Holectj-poid stock appeared,

which, usually with a relatively accelerated differentiation,

developed into the various orders and families of the Irregularia.

The order commenced in the Liassic period, and became extinct

at the end of the Cretaceous. Two of the groups of Echinoids

now living retain many features that were characteristic of the

Holectypoida (the Echinoneidse and the Fibulariidse). The other

groups of Irregular Echinoids show a much greater departure

from the primitive character, but they all possess some features

which indicate their Holectypoid ancestry.
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Two new n.ames are introduced in the Systematic P:irt :—

Menapyqus as a subgenus of Piigaster, corresponding with the

i^/y«.si;/-(sens.str.)of Poniel (37), with type M.
umhreUa nm\

C'onidopsis, a genus inchidiug tlie '' Echinocomis" of Desor (21),

witli type C. roemeri d'Orbigny. The hitter group will be

studied in greater detail in a forthcoming paper.
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